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ABSTRACT
Shear reinforcement or stirrups are placed vertically inside the hollow portion (cells) of
the blocks in reinforced masonry beams. It becomes challenging and time consuming for
the placement of standard steel rebar as shear reinforcement in 20 cm or narrower
masonry beams since masonry standards require shear stirrups to bend around the
longitudinal reinforcement. Even the smallest standard rebar available in Canada (10M
bar) with a standard hook is difficult for a mason to accommodate within field
construction settings. Hence, this thesis investigated two different alternative shear
reinforcement, namely, 8 mm diameter smooth steel bar and readily available bed joint
wire (steel wire mesh) reinforcement. This study found that the masonry beams with the
alternative stirrup details exhibited similar ductility as the masonry beam built with
conventional rebar. The beam containing the wire mesh as shear stirrups improved the
capacity of the beam slightly higher than the beams with standard rebar and 8 mm
smooth bar. Furthermore, the beam with bed joint wire as shear reinforcement reduced
crack width similar to the beam with conventional rebar. This study also showed that the
Chi (c) factor, a strength reduction factor recommended in the Canadian design standard
is overly conservative. In addition, this study also indicated that main tension
reinforcement has a significant contribution on the shear capacity of the masonry beam,
though not all design standards recognise this effect.
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CHAPTER 1
INTRODUCTION
1.1 General
Masonry is one of the oldest construction materials known and used by human. Masonry
construction was adopted by the ancient civilization to erect massive structures, which
still exist today such as the Taj Mahal, Pyramids of Giza, and the Great Wall of China.
These structures would be very challenging to replicate even with today’s advances in
technology. In Canada, masonry is commonly used in the field of civil and structural
engineering. There are different types of masonry units, such as clay bricks and concrete
blocks. Hollow concrete blocks are the most commonly used units in reinforced masonry.
This is due to the reduced weight of the unit, which makes it easy for handling and
laying. The hollow portion (cells) of the concrete units also provides ease for placement
of reinforcement bar and grout (Drysdale and Hamid 2005). The current study is focused
on beams and prisms built with masonry concrete units. Some basic terminologies that
are used throughout this thesis are shown in Figure 1.1.
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Web

Cells
Face
Shell

(a)

(b)

Bed Joint

Head Joint

(c)
Figure 1.1: Terminologies for masonry concrete units: (a) Stretcher unit (b) Knockout
stretcher unit (c) Masonry section with running bond pattern
Masonry is often used in low to moderate rise building as well as in larger structures such
as schools and hospitals. Masonry’s aesthetically appealing look and minimum
maintenance are the main reasons for the increase use of masonry structures (Drysdale
and Hamid 2005). Unreinforced masonry members possess good compressive strength;
however, they are brittle material and weak in tension. Hence, load-bearing masonry
structures such as beams are subjected to bending moments and shear stresses are
reinforced in the tension zone. The prediction of flexural strength of masonry beams is
well established. This is because flexure only involves horizontal stresses. However, the
2

shear behavior of masonry beams is still not fully understood because it involves both
horizontal and vertical stresses (Sarhat and Sherwood 2015). Shear failure is strongly
unwanted in the field of structural engineering because it is sudden and does not give
warning prior to failure. This type of failure can be avoided by using shear reinforcement
in masonry beams (Fereig 1995).
The most common and widely accepted shear reinforcement for masonry structures is
steel rebar. This is due to its high ductility, high elastic modulus, and the ability to carry a
high capacity load before failing. Deformed steel reinforcing bars (rebars) can be used as
the longitudinal and/or the shear reinforcement in masonry. In Canada, standard rebars
range from an actual diameter of 11.3 mm (nominal diameter of 10 mm, 10M rebar) to
actual diameter of 29.9 mm (nominal diameter of 30 mm, 30M rebar), increasing
incrementally as shown in Table 1.1. The maximum bar size is limited to 29.9 mm or
30M rebar because of the grout space and other practical considerations. The smaller size
bars are usually used to attain better distribution of reinforcement (Drysdale and Hamid
2005).
Table 1.1: Canadian standard size reinforcement bars
Bar Size
Designation
No.
10M
15M
20M
25M
30M

Actual
Diameter
(mm)
11.3
16
19.5
25.2
29.9

3

Cross
Sectional
Area (mm2)
100
200
300
500
700

Masonry concrete block units have also been standardized in size. The length and height
of standard hollow concrete block units are kept at 390 mm (nominal dimension is 400
mm) and 190 mm (nominal dimension is 200 mm), respectively. The width of the unit
changes in size, ranging from 90 mm (100 mm nominal) to 290 mm (300 mm nominal),
increasing in increments of 50 mm as shown in Table 1.2 (CSA 2014c).
Table 1.2: Canadian standard size masonry concrete unit
Nominal
Width
(mm)

Actual
Width
(mm)

100
150
200
250
300

90
140
190
240
290

Minimum
Face Shell
Width
(mm)
20
29
30
35
35

Minimum
Web
Thickness
(mm)
20
14
25
28
30

1.2 Problem Statement
Properly designed masonry beams must be detailed for a ductile flexural failure
mechanism rather than the typically brittle shear mode of failure. A shear type of failure
can typically be avoided in Canadian design due to the relatively low flexural strength
permitted for use in design of masonry due to the directionally dependent compressive
force reduction factor, χ, which artificially reduced the flexural load capacity of the
masonry by up to 50%. This has the effect of reducing the flexural strength of a masonry
beam to the point whereby shear forces can be resisted by the masonry alone. However,
recent research has supported the notion that the current reduction factor is overlyconservative for masonry constructed with units containing reduced webs to permit grout
continuity (Zohrehheydariha et al. 2018). Therefore, it is anticipated that with the next
4

round of CSA S304 development and changes to the χ-factor, shear design will become a
more pressing concern to the Canadian design community.
In masonry concrete beams, shear reinforcement or shear stirrups are placed vertically
upward in the cells (hollow portion) of the masonry concrete blocks. Placing shear
stirrups in masonry concrete beams is known to be challenging and time-consuming (Li
et al. 1994). Since, it is a requirement by masonry standards for shear stirrups to hook
around the longitudinal reinforcement, the placement of conventional steel rebar as shear
reinforcement in 20 cm or narrower masonry beams becomes challenging. Even the
smallest conventional steel rebar available in Canada (10M or 11.3 mm actual diameter
rebar) with a standard hook detail is difficult for a mason to accommodate within field
construction conditions. The clear distance within a cell is often smaller than the outside
bend diameter of a standard 10M bar as indicated in Figure 1.2. Furthermore, CSA S304
(CSA 2014a) also requires engineers to provide a minimum shear reinforcement when the
factored shear force exceeds the shear capacity of the masonry beam. Thus, the need for
alternative shear reinforcement for narrower masonry concrete beams is apparent.
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Figure 1.2 Size difference between 14 cm and 19 cm masonry concrete block unit: (a)
Isometric view (b) Isometric view with stirrups (c) Top view
Past research on masonry concrete beams are discussed in chapter 2. There is no prior
research have been conducted on behavior of 15 cm masonry beams as load bearing
members and alternative shear reinforcement. In the current study, two alternative shear
reinforcement for 15 cm masonry concrete beams are investigated namely; 8 mm smooth
steel rod and 6-gauge steel wire mesh (bed joint wire). These two materials are both
smaller in diameter than the 10M rebar which may resolve the construction issue of using
shear reinforcement in masonry beams. Further, the use of wire, such as bed joint wire
reinforcement, as a shear reinforcement material represents a commercially available and
widely used material that could be adapted for a new purpose in beam construction. Bed
joint wire offer a much easier and mason friendly approach to field applications since it is
more forgiving and has smaller bend diameter requirements.
A difference between the Canadian (CSA 2014a) and American (TMS 2016) masonry
standard is the application of chi (c) factor to account for the directionally dependence of
masonry compression strength. According to CSA S304 (CSA 2014a), the c factor is a
6

strength reduction factor which depends on loading direction and horizontal grout
continuity in the compression zone of the beam. The strength of masonry assemblages is
reduced by 50% (c =0.5) when compressive forces are applied normal to the head joint
and grout is not continuous. This factor decreases to 30% (c =0.7) when the load is
applied normal to the bed joint and grout is continuous. However, more recent studies
have found that the application of c factor yields an overconservative prediction of
flexural strength of masonry beams (Galal and Enginsal 2011; Samy et al. 2015;
Zohrehheydariha et al. 2018). Hence, the current study also investigates the effect of chi
factor on compressive strength of masonry.
There is another discrepancy between the international masonry design codes and
standards. American standard (TMS 2016), completely ignores the contribution of tensile
reinforcement on shear capacity. However, the Canadian standard (CSA 2014a) and
Australian standard (SAA (Standard Association of Australia) 2018) consider the effect
of main longitudinal (tensile) reinforcement on the shear capacity of masonry beams.
Thus, another parameter investigated in this research is the effect of the tension
reinforcement on shear capacity of masonry beams.
1.3 Objectives
The primary objective for this research is to investigate alternative shear reinforcement of
concrete masonry beam made of narrow concrete masonry units (14 cm wide units).
Hence, masonry beams made of three different shear reinforcement, namely; regular
deformed bar (10M rebar), 8 mm diameter smooth steel bar, and 3.7 mm diameter (6-
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gauge) steel wire mesh were built and tested to determine if reinforced concrete masonry
beams can be successfully built with two alternative shear reinforcement. This research
experimentally explores the use of bed joint wire reinforcement as a potential design
option for masonry beams as a form of crack control and shear reinforcement. The 8 mm
bar is cheaper than regular rebar and readily accessible to use in the field. The second
objective of the current study is to examine the effect of the direction of loading to the
mortar joints in prisms. The current Canadian masonry design standard (CSA 2014a)
applies a chi factor depending on the grout continuity and the direction of load applied to
masonry beams which yields a conservative value. The third objective is to investigate
the effect of main longitudinal reinforcement on shear capacity of masonry beams.
1.4 Alternative Shear Reinforcement
1.4.1 Smooth Steel Rod - 8 mm diameter
Cold-formed steel round bar has a smoother finish compared to regular rebars as shown
in Figure 1.3. It is a common material in several machining and industrial field. It is also
typically used in application such as shafts, spindles, pin, rods and sprockets. Currently,
the University of Windsor has been able to purchase 8 mm cold-rolled steel bar for $0.42
per foot. This is cheaper than the smallest Canadian standard rebar. The smallest
conventional rebar (10M) can be purchased at $0.71 per foot.

8

Figure 1.3: Cold-rolled smooth steel bar
1.4.2 Bed Joint Wire or Wire Mesh
Steel wire mesh is typically used as bed joint reinforcement in masonry wall construction.
There are two main types of wire mesh configuration; ladder and truss as shown in Figure
1.5. It is used for crack control and to satisfy reinforcement requirement in the horizontal
direction as shown in Figure 1.5. In masonry walls, it can be used to connect the inner
and outer wythe. Joint reinforcement provides bending resistance to laterally loaded
masonry walls (Drysdale and Hamid 2005). The ladder type wire mesh was used as shear
reinforcement to the masonry beams in this study.

9

(a)

(b)

Figure 1.4: Bed joint wire: (a) Ladder (b) Truss

Figure 1.5: Schematic of masonry wall with wire mesh as joint reinforcement
1.5 Organization of Thesis
This thesis consists of five chapters. The first chapter presents a general introduction and
the last chapter, chapter five, provides general conclusions and recommendations.

10

The second chapter discusses previous research on masonry prisms, reinforced masonry
and concrete beams, focusing on areas most relevant to the research done in this thesis.
The third chapter describes the experimental procedure such as the geometric and
reinforcement details of the specimens, construction process, grouting process,
instrumentation and test procedure.
The fourth chapter provides the detailed results on the tests conducted on materials
properties, prisms, and masonry beams. Further, this chapter discusses the effects of: (i)
alternative shear reinforcement (ii) chi factor recommended in the Canadian standard,
CSA S304 (CSA 2014a) and (iii) main longitudinal reinforcement on shear capacity.

11

CHAPTER 2
LITERATURE REVIEW
2.1 Prisms
Prisms are constructed and tested to determine the compressive strength of load bearing
masonry members. Prism specimens simulate a portion of masonry members where the
complex interaction of the masonry materials such as mortar, grout, and masonry blocks
exist during testing. It should be a true representation of masonry construction, hence,
prisms can be grouted or ungrouted, depending on what is assembled. The disadvantage
of using this method of determining compressive strength is that it is time consuming and
it needs specialized test frame. Hence, Canadian design standards, CSA S304 (CSA
2014a) provides an alternative method where tabulated values of compressive strength
based on unit block strength and mortar type are provided. However, these tabulated
values are conservative (Drysdale and Hamid 2005).
2.1.1 Grouted Versus Ungrouted Prisms
Past studies have found that grouted prisms have lower compressive strength than the
similar ungrouted prisms though, grouted prisms have higher load carrying capacity. This
is because the effective area (gross area) of grouted prism is higher than the effective area
of ungrouted prism (Drysdale and Hamid 2005; Khalaf et al. 1994; Wong and Drysdale
1985). Sarhat (2016) tested the strength of materials used to construct the prism such as
concrete block unit, mortar, and grout. Stress-strain curve of the materials were plotted
alongside the grouted prism. The principal of compatibility was used to explain why
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grouted prism have lower strength than the similar ungrouted prism. Based on this
compatibility concept, this study assumed that at the certain strain level of the prism, the
grout and the block unit will be subjected to the same magnitude of strain. However, it
was found that grout experienced a higher lateral strain due to the increased Poisson’s
ratio. Grout is enclosed in the cells of the unit, and this lateral expansion causes tension
on the outside face shells of the masonry block unit. Masonry units are weak in tension,
hence, as a result, the masonry block separated from the grout. Prism failure is sudden,
and the column of grout usually remains intact as shown in Figure 2.1.

Figure 2.1: Mode of failure of Prism (Sarhat 2016)
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2.1.2 Mortar Joint Orientation in Masonry Assemblages
The newest version of Canadian masonry design standard, CSA S304 (CSA 2014a),
recommends a reduction factor referred to as the chi (c) factor. This factor is dependent
on the load direction with respect to mortar joint orientation and horizontal grout
continuity. The compressive strength normal to the bed joint (f’m) is multiplied by the
c factor to obtain the compressive strength parallel to the bed joint. A reduction of 50%
(c =0.5) is applied when compressive forces are oriented parallel to the bed joint and
grout is not horizontally continuous in the compression zone. The value of chi factor
increases to 70% (c = 0.7) when compressive forces are applied parallel to the bed joint
and grout continuity is present in the compression zone.
Standard masonry blocks have webs as shown in Figure 2.2(a). Grout is not horizontally
continuous since web extends to almost the full height of the masonry unit. Hence, the
webs interrupt the grout when such stretcher units are used to build a masonry beam,
resulting in a c factor of 0.5. The webs of the masonry blocks can be removed either by
removing the top part of the webs with a concrete saw or masonry units with depressed
webs can be used as illustrated in Figure 2.2(b), which allows grout to be continuous
throughout the length of the beam. This can result in the increase of the c value to 0.7.
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(a)

(b)

Figure 2.2: Masonry Concrete Unit: (a) Block with full web (b) Block with knockout
(depressed) web
Khalaf (1997) studied the strength of prisms when compressed normal or parallel to the
unit bed face. This investigation found that grouted prisms loaded parallel to the bed joint
showed a strength reduction ranging from 16% to 42%, compared to its counterpart,
grouted prisms loaded normal to the bed joint. Ring et al. (2009) studied the effect of
loading direction and web interruption on the compressive strength of masonry prisms. It
was found that the average compressive strength of grouted prism loaded parallel to the
bed joint was higher than those loaded normal to the bed joint. This finding contradicts
the current Canadian masonry design standard (CSA 2014a). Sarhat (2016) also
constructed two types of prisms: masonry prism compressed normal to the bed joint and
masonry prism compressed parallel to the bed joint. This research found that the average
ratio of compressive strength of prisms loaded parallel to the bed joint to compressive
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strength of prisms loaded normal to the bed joint was 0.98. This value is higher than 0.7
set by current Canadian masonry design standard (CSA 2014a).
Ring et al. (2012) investigated the effect of loading direction on compressive strength of
concrete masonry beams and prisms. In masonry beams, the direction of compressive
forces acts parallel to the bed joint. Hence, this study used beam test data to determine the
compressive strength of masonry parallel to the bed joint. The compressive strength
normal to the bed joint was obtained from prism tests since it is not possible to obtain the
compressive strength normal to the bed joint from beam tests. Both prisms and beams
were built with full webs (100% interruption). It was found that the compressive strength
of beams, parallel to the bed joint was about 53% higher than the strength normal to the
bed joint obtained from prisms. This finding contradicts past research mentioned above
and the Canadian masonry design standard (CSA 2014a).
2.2 Flexural Behavior of Masonry Beams
The structural behavior of reinforced masonry (RM) beams can be described in three
different stages. The first stage is when the member is uncracked. In this stage, the
reinforced masonry is subjected to low loads. The tensile stress applied to the member is
less than the modulus of rupture of the masonry material. Hence, the gross section of the
reinforced masonry member is resisting the moment produced by low applied loads. The
following assumptions can be applied to the uncracked section:
•

Strain distribution is linear over the entire cross section

•

The distance of the stresses from the neutral axis are proportional
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•

The section is completely elastic, which means that both masonry and steel
reinforcement are both resisting the tensile stresses.

The second stage is the cracked section. In this stage, the load is increased, exceeding the
tensile strength of masonry at the extreme fiber, causing the section to crack. Tension
cracks develop at the bottom face of the masonry section in simply supported beams. As
the load increases, tension cracks gradually propagate towards the top face of the
masonry section. This in turn will cause the neutral axis to shift upwards, reducing the
depth of the compression zone. The following assumptions can be applied to the cracked
section:
•

Strain distribution remains linear

•

The compressive stresses in the compression zone of the masonry remains elastic

•

The tensile stresses applied to the section are completely resisted by the
reinforcement.

The last stage is the ultimate capacity of the reinforced masonry member. In this stage,
the ultimate load-carrying capacity of the member is reached, which leads to failure of
the member. The member may fail in either one of two ways, depending on how they are
reinforced. If the member is under-reinforced, the steel reinforcement will reach its yield
point before the compressive strength of masonry. In this failure, flexural cracks
gradually widen and propagate upwards towards the compression zone. This is a ductile
failure, causing large deflections of the beam. Ultimately, the area of the compression
zone is reduced significantly, and masonry can no longer resist the applied loads, causing
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the masonry to crush. The ductile failure is most preferred by engineers because
considerable visible signs of failure can be observed before the collapse of the member. If
the member is over-reinforced, the reinforcing steel will not reach its yield point before
the ultimate-compressive strength of masonry. This type of failure is sudden and occurs
without warning. Hence, the brittle failure must be avoided (Schneiider and Dickey
1993).
2.3 Shear Behavior of Masonry Beams
It is essential to design RM (reinforced masonry) beams for shear to prevent sudden
failure. Shear failure is a brittle failure, giving very little deformation or warning prior to
the collapse of the beam. Typically, the maximum shear forces occur near the supports.
Like the flexural behavior of the RM beams, shear behavior can be described in several
stages under increasing load; uncracked beam section, crack beam section without web
reinforcement, and crack beam section with web reinforcement.
2.3.1 Uncracked Beam Section
The level of load applied to the beam is low at the uncracked section. The tensile stress at
the bottom extreme fiber of the beam is less than the modulus of rupture of the masonry.
It can then be assumed to be a homogenous elastic beam. The shear stresses (fv) can be
calculated as follows;

𝑓" =

𝑉𝑄
𝐼𝑏
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2.1

Where
V = shear force
Q = moment about the neutral axis of that portion of the cross-section lying between the
extreme fiber and the plane under consideration
I= moment of Inertia
b= width of cross section
The extreme fibres have zero shear stress and maximum shear stress occurs at the neutral
axis. The stress distribution is a parabolic shape for rectangular cross sections.
2.3.2 Cracked Beam Section
Shear cracks are developed when the diagonal stresses are greater than the diagonal
tensile strength of masonry. Diagonal cracks begin to form at the neutral axis. The shear
cracks can either pass through the masonry units and mortar joints or in stepwise crack
through the mortar head and bed joints. The shear stress is zero at the extreme tension
fibre, therefore only principal stresses are present, resulting in the formation of flexural
cracks. However, as the flexural cracks propagates towards the neutral axis (location of
maximum shear stress), the flexural cracks start to incline. The growth of diagonal cracks
can penetrate through the compression zone, causing a shear compression zone failure
(Drysdale and Hamid 2005).
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Steel reinforcement bars (rebars) are generally used as shear reinforcement (shear
stirrups) in RM beams. Stirrups are oriented vertically upright to interrupt the
propagation of diagonal cracks before shear compression failure occurs. In masonry,
shear stirrups are placed inside the cells of the masonry concrete units.
2.4 Shear Behavior of Masonry Beams without Shear Reinforcement
Experimental research conducted in the structural behavior of RM beams is significantly
less than the research undertaken on reinforced concrete (RC) beams. It is even more
limited when it comes to the shear behavior of RM beams. There are only a few studies
reported in the literature. Sutter and Keller (Sutter and Keller 1982) investigated the shear
strength of RM beams. All beams in this study had a nominal width of 203 mm. This
research studied the effects of several factors on shear capacity of RM beams. Due to the
similarities of RC beams and RM beams, factors such as shear span-to-effective depth
ratio (a/d), effective depth (d), and main reinforcement ratio (ρ) were adopted based on
research on RC beams. The other factors that is associated to RM beams such as type of
fill (beams filled with grout or mortar), slump of the fill and number of courses (twocourse versus one-course) were also investigated in this study.
The following conclusions were drawn by Sutter and Keller (Sutter and Keller 1982):
•

The shear strength of RM decreases as the a/d increases. It was also found that the
reduction in shear strength was worse in two-course beams compared to the
single-course beams.
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•

The shear capacity of RM beams increases with increasing head joint spacing
when high slump grout is used.

•

The shear capacity of RM beams increases as the main reinforcement ratio
increases. An increase of reinforcement ratio by 2.5 to 3 times, resulted on an
average of 80% increase in shear strength of RM beams.

•

Shorter beams achieved higher shear strength than deeper beams. It was observed
that doubling the depth of the beam reduced the shear stress to about 46%. This is
also known as size effect.

•

Beams with grout fill had higher strength than mortar filled beams. Sutter and
Keller reported that the increase was due to the higher compressive strength of
grout compared to mortar.

•

The slump of the fill does not affect the shear capacity of the RM beams, if the
low-slump fills are properly vibrated.

Fereig (1995) studied the influence of a/d and reinforcement ratio (ρ) on the shear
strength of RM beams. The width of the beams in this study was 190 mm. The test results
showed that there was no consistent pattern in the increase of shear capacity with
increasing reinforcement ratio. The study also concluded that for masonry beam with a/d
of 2.5, the effect of a/d and reinforcement ratio was negligible. This is in clear conflict
with the findings of Sutter and Keller (1982). This is because Sutter and Keller (1982)
found that shear strength of masonry beams decreases as a/d increases.
Li et al. (1994) conducted a series of experiments for the British Cement Association to
evaluate shear capacity of RM beams. The masonry concrete blocks used in this study
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were U-shaped masonry units (lintel blocks) with a width of 190 mm. Most of the beams
were designed to fail in shear. This study found the British masonry code (British
Standard Institution 1985) did not accurately predict the shear capacity of the beams.
Hence, this study recommended the use of Equation 2.2 to predict the shear capacity (V)
of RM beams

𝑎
𝐴𝑠𝑓𝑦
𝑉 = (1.996 − 0.994𝑙𝑛 2 56 (0.173 + 0.056ln (
)(𝑅𝑏𝑑)
𝑑
𝑅𝑏𝑑

2.2

Where,
a = shear span
d = effective depth
As = cross-sectional area of the tensile reinforcement
fy = yield stress of the tensile reinforcement
R = compressive strength of masonry
b = width of the beam
Sarhat and Sherwood (2010) studied 112 shear-critical masonry beams without shear
reinforcement. All beams in this study came from published literature and used 200 mm
masonry concrete units. The objective of this study was to evaluate the shear predictions
of four different masonry design standards and codes (Canada, Australia, UK and USA),
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including the Canadian reinforced concrete standard (CSA 2004a) . It was found that the
Canadian reinforced concrete standard, CSA A23.3 (CSA 2004a) more accurately
predicted the shear strength of masonry beams compared to the four international
masonry design standards.
Another study by Sarhat and Sherwood (Sarhat and Sherwood 2015) investigated the
effect of effective depth (d) on shear strength of RM beams (also known as size effect).
In this study, there were five RM beams constructed with effective depths ranging from
300 mm to 1400 mm as shown in Figure 2.3. The small and medium size beams were
constructed using the 20 cm masonry concrete units. The large size beams were built
using the 25 cm masonry concrete units. These beams were subjected to three-point
bending test as shown in Figure 2.3.

Large

Medium
Small

Figure 2.3: Reinforced masonry beams tested by Sarhat and Sherwood (2015)
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All beams in this study failed in shear. The failure was caused by the formation of
diagonal shear crack. The small (d=300mm), medium (d=885 mm), and large (d=1422
mm) beams failed at shear stress of approximately 0.73 MPa, 0.56 MPa and 0.50 MPa,
respectively. Hence, it was found that deeper beams failed at a lower shear stress. This
indicated that size effect is significant in masonry beams.
The shear capacity of the masonry beams in this study was predicted using the Canadian
and American masonry standard. The Canadian concrete design standard, CSA A23.3
(CSA 2004a) was also used in the prediction of shear capacity of the beams this study. It
was found the TMS 402 (TMS 2011), overestimated the shear capacity of the masonry
beams. This was because TMS 402 (TMS 2011) does not consider the size effect in
masonry beams. The Canadian masonry code, CSA S304 (CSA 2004b) accounts for size
effect and safely predicted the shear strength of the beams. However, the predictions
presented high coefficient of variation. The general method for shear design in CSA
A23.3 (CSA 2004a) accurately predicted the shear strength of RM beams with the least
coefficient of variation. The general method in the concrete standard is based of modified
compression field theory which accounts for size effect in concrete structures. This study
highly recommended the revision of CSA S304 (CSA 2004b), adopting the general
method in CSA A23.3 (CSA 2004a).
2.5 Masonry Beams with Shear Reinforcement
Fereig (1995) also studied the effect of shear reinforcement in RM beams. This study
observed that beams with shear reinforcement achieved higher ultimate shear strength
than beams without shear reinforcement. Hence, the presence shear reinforcement
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increased the shear strength of masonry beams. It was also found that the effectiveness of
shear reinforcement is limited due to the stepwise crack propagation in RM beams. The
contribution of the shear reinforcement was then calculated based on the number of
stirrups intersected by the major shear crack. This method showed a good correlation
with the test results. The results also showed that the truss analogy overestimated the
contribution of stirrups on shear capacity.
Sarhat (2016) also studied the effectiveness of shear reinforcement on masonry concrete
beams. Shear stirrups were found to be effective in reducing crack widths and enhancing
shear strength of the RM beam. It also improved the ductility and eliminated the size
effect in RM beam, given that enough quantity of stirrups was present.
Zohreh Heydariha et al. (2017) investigated the effect of grout strength and block unit
size on the structural behavior of RM beams with stirrups. Full-scale masonry beams
were built in both running bond and stack pattern. Normal strength and high strength
grout were used to study the effect of grout strength in masonry beams with a difference
in strength of 197%. It was found that there was an increase of 34% and 29% in
maximum load carrying capacities observed in beams built in running bond and stack
pattern, respectively. Hence, it was concluded that the increase in grout strength (197%)
did not increase the capacity (34% and 29%) of the beams proportionally. This is because
of the interaction of the grout, block, mortar and steel reinforcement that are present in
masonry beams. It was also found that beams constructed with high-strength grout
showed more ductility compared to beams constructed with normal strength grout. This
study used the 200 mm and 300 mm wide masonry concrete blocks to study the effect of
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block size on the behavior of masonry beams. The depth of neutral axis from strain data
in 300 mm wide beams were found to be 25%-30% lower than the 200 mm wide beams.
Hence, the 300 mm wide beams had larger moment arm than the 200 mm wide beams. It
was observed that wider beams (300 mm wide) built in running bond and stack pattern,
respectively exhibited 35% and 28% higher maximum load carrying capacity than the
counterpart 200 mm wide beams. The influence of block unit size on maximum load
carrying capacity was concluded to be considerable.
The same researchers (Zohrehheydariha et al. 2018) studied the effect of bonding pattern
on structural behavior of RM beams. Beams were constructed in 50% running bond and
stack pattern. Each running bond beam had a stack pattern beam counterpart while also
changing the presence of stirrups. Test results showed that the effect of unit bonding
pattern is negligible in RM beams, even in varying slenderness. The capacity, failure
mode and ductility behavior of both running bond and stack pattern beams were also
found to be similar.
2.6 Cracking Behavior and Crack Pattern of Masonry Beams
Fereig (1995) observed that vertical cracks started at the head joints across the clear span
of the masonry beams. For masonry beams with a/d of 1.9, as the load increased, these
vertical cracks extended to the mid-depth of the beam and transitioned into a diagonal
crack propagating towards the loading point (see Figure 2.4). In beams with a/d of 3.8, it
was observed that shear cracks propagated through the bed and head joints in a stepwise
manner. The stepwise cracks reached the top surface of the beam, causing a sudden
failure.
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Figure 2.4: Typical failure of beams by Fereig (1995)
Sarhat and Sherwood (2015) studied the influence of effective depth on cracking
behavior of masonry beams. The dimensions of the beams in this study are shown in
Figure 2.3. The average spacing of vertical cracks at mid-depth, were found to be 165
mm, 555mm and 750 mm in small (d=300mm), medium (d=885 mm), and large (d=1422
mm) beams, respectively (see Figure 2.5). Hence, average crack spacing at mid-depth of
the beam increased as the effective depth of the beam increased. This was due to the
reduced ability of the longitudinal (tension) steel to control crack spacing at mid-depth as
the beam increases in depth.
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Large

Medium

Small

Figure 2.5: Longitudinal spacing of vertical cracks before failure (Sarhat and Sherwood
2015)
This study further found that the average crack width at mid-depth of medium (d=885
mm) and large (d=1422 mm) beams were 2.2 and 2.6 times, respectively, larger than the
small (d=300 mm) beam as shown in Figure 2.6. It was found in reinforced concrete
beams that the aggregate interlocking capacity (ability of cracks to resist shear) decreases
as the width of the crack increases (Bentz et al. 2006). Thus, this study concluded that
this effect also applies in reinforced masonry beams. As mentioned earlier, deeper beams
(medium and large beams) failed at a lower shear stress compared to the small beams.
This was attributed to the increased crack width in deeper beams which reduced the
ability of the crack to resist the shear stress.
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Large
Medium

Small

Figure 2.6: Average crack width vs Effective depth before failure (Sarhat and Sherwood
2015)
Digital image correlation (DIC) technique was recently used to study strains and cracking
behavior in masonry beams (Sarhat 2016; Zohreh Heydariha et al. 2017;
Zohrehheydariha et al. 2018). Sarhat (2016) used DIC technique to measure crack widths
and strain of the RM beams. Through DIC, it was found that the presence of shear
reinforcement allowed wider cracks to form and reaching higher shear strains.
Zohrehheydariha et al. (2018) investigated the crack pattern and crack width of the beam
specimens at different load levels. It was observed that the flexural (vertical) cracking in
the mortar joints was more distinct in stack pattern beams at service load compared to the
beams built in running bond. It was stated that these cracks could only be seen after the
analysis of the DIC data. Further analysis of DIC data found that the use of stirrups
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increased the spacing of the flexural cracks and reduced the height of the flexural cracks
formed at service load. Although the crack pattern was different at service load for stack
pattern beams and its running bond beams counterpart, this study found that at ultimate
load, the crack patterns were similar for both construction pattern. This is because at early
loading stages, cracks in running bond beams were shorter due to the interrupted head
joint, compared to stack pattern beams. These cracks penetrated through the grout
causing the crack behavior in both construction pattern to gradually join together, hence
the crack pattern became identical at ultimate load.
2.7 Alternative Reinforcement in Literature
2.7.1 Fiber-Reinforced Polymers
Fiber-Reinforced Polymers (FRP) is composite material, consisting of two components:
namely, continuous fibers and a polymer matrix. Typical fibers used for structural uses
are carbon, glass, and aramids. The corrosive resistance property of FRP materials is
significantly higher than steel. Hence, FRP material is an ideal alternative reinforcement
in RM and RC beams, to solve the significant issue of corrosion in reinforcing steel. FRP
materials including FRP rebars are linear elastic materials unlike reinforcing steel and
these FRP rebars and other FRP materials do not experience plastic deformation.
Numerous studies have been conducted on flexural rehabilitation and strengthening of
RC beams. Al-Saidy and Al-Jabri (2011) investigated the effect of carbon fiberreinforced material (CFRP) fabrics on corroded concrete beams. The use of CFRP fabric
completely restored the strength of damaged and corroded RC beams to the state of
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undamaged RC beams. Attari et al. (2012) studied the effectiveness of both glass FRP
(GFRP) and CFRP fabrics as rehabilitation materials. Test results showed that a hybrid
strengthening configuration can increase the strength of RC beams, without losing
ductility. Duic et al. (2018a) studied a greener FRP material, basalt fiber-reinforced
polymer (BFRP) fabric. The results demonstrated that BFRP fabric restored the service,
yield, and ultimate load carrying capacities of RC beams. It was also found that BFRP
significantly reduced the widths of the cracks. However, the ductility of the RC beams
was reduced.
FRP materials can also be used as to strengthen the shear capacity of RC beams. Chaallal
et al. (1998) conducted an experimental study to determine the shear response of RC
beams when externally strengthened for shear using unidirectional CFRP strips. Test
results showed that CFRP strips increased the RC beams’ shear strength and stiffness,
thereby reducing shear cracking. Täljsten and Elfgren (2000) also examined the shear
behavior of RC beams before and after strengthening with three ways of applying CFRP
fabrics. Experimental results indicated that CFRP, externally bonded, was effective at
strengthening the shear capacity of the beam. However, the failure mode of the RC beams
was sudden to the massive release of energy at failure. Baggio et al. (2014) studied the
shear behavior of RC beam, strengthened externally with CFRP, GFRP fabrics, and fiber
reinforced cementitious matrix (FRCM). FRP anchors were also used in the experiment
to avoid FRP debonding. It was shown that the overall shear capacity of RC beams
increased with the application of FRP fabric. FRP anchors also improved the shear
strength and ductility of RC beams.
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Duic et al. (2018b) evaluated the structural behavior of concrete beams reinforced with
BFRP rebars. Beams reinforced with BFRP rebars had its counterpart with steel
reinforced beams as shown in Figure 2.7. It was found the beams reinforced with BFRP
rebars exhibited more flexural and shear cracks compared to steel reinforced concrete
beams. This was attributed to the low stiffness of BFRP rebar compared to steel rebar.
The effect of BFRP stirrups was determined by comparing BFRP reinforced beams with
and without BFRP stirrups. It was found that BFRP reinforced beams with BFRP stirrups
carried 50% more load than BFRP reinforced beam without stirrups. However, the use of
BFRP stirrups did not stop the beam from failing in shear. Both BFRP reinforced beams
with and without stirrups failed in shear. The reason of the shear failure was due to
insufficient development of the BFRP stirrup. BFRP rebar could not be bent into hooks
without compromising its structural integrity, unlike steel rebars.

Figure 2.7: Reinforcement details of concrete beams (Duic et al. 2018b)
FRP materials have also been used to rehabilitate and strengthen old and inadequately
reinforced or unreinforced masonry structures. Hao et al. (2009) analyzed the effect of
32

externally bonded CFRP sheets to deep masonry concrete beams. Beams reinforced with
CFRP fabric improved the load-carrying capacity of the beams, but it led to a reduction in
ductility when compared to steel reinforced beams. It was also concluded that surface
externally bonded CFRP fabric delayed the formation of the initial crack and can be
considered as an alternative to internal steel reinforcement. Galal and Enginsal (2011)
investigated the flexural behavior of masonry beams, reinforced internally with GFRP
rebars. Test results showed that nominal flexural capacity and stiffness of RCM beams
increased as GFRP reinforcement ratio increased.
2.7.2 Smooth Steel Rod
Sarhat (2016) studied the effectiveness of stirrups in masonry beams. An 8 mm diameter
smooth steel bar as stirrup spaced at 200 mm was used as shear reinforcement for the
two-course beams. The reinforcement ratio was 1.7% with an effective depth of 305 mm
(two-course high). Beams in this study used 200 mm masonry concrete unit and were
subjected to three-point bending. Beam without shear reinforcement failed at a shear
stress of about 1.2 MPa, while the counterpart beams with shear reinforcement failed at a
shear stress of about 1.7 MPa as shown in Figure 2.8. Hence, the use of stirrups was
found to improve the shear strength and ductility of the RM beam.
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Beam without shear
reinforcement
Beam with shear
reinforcement

Figure 2.8: Load-deflection behavior of masonry concrete beams (Sarhat 2016)
2.7.3 Welded Wire Mesh
Welded wire mesh/fabric (WWF) has been used as shear reinforcement for concrete
beams. Several studies have found that the use of WWF as shear reinforcement improved
the cracking behavior of reinforced concrete beams (Lin and Perng 1998; Mansur et al.
1987; Taylor and Ei-Hammasi 1980). Mansur et al. (1987) studied both smooth and
deformed WWF. Test results showed that using deformed WWF as stirrups in concrete
beams improved the control of diagonal cracks compared to smooth WWF and
conventional stirrups. However, Taylor and Ei-hammasi (1980) found that smooth WWF
can improve diagonal cracking behavior when they are closely spaced. Lin and Perng
(1998) investigated the flexural behavior of beams using WWF as stirrups. Concrete
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beams with WWF as shear reinforcement had similar flexural strength as beams with
conventional shear reinforcement. It was also observed that concrete beams with WWF
showed better ductility compared to the concrete beams with conventional shear
reinforcement. In modern masonry construction, cold drawn welded steel wire mesh (bed
joint wire mesh) is used typically for shear strength and crack control of masonry walls.
However, no research was found considering bed joint wire or welded wire mesh as shear
reinforcement to masonry concrete beams.
2.8 Summary
To the best of the author’s knowledge, no studies have been undertaken on shear
behavior of masonry beams made of 15 cm masonry concrete blocks. Thus, the
construction issue when placing shear reinforcement in beams constructed with narrow
masonry concrete blocks was not identified. The cells become narrower as the size of the
masonry concrete units get smaller. Hence, even the smallest conventional rebar (10M
bar) with standard hook detail is very difficult for masons to accommodate inside the
cells of 15 cm or smaller masonry concrete units. Hence, the need of alternative shear
reinforcement to standard rebar for beams built with narrow blocks is apparent.
Several studies have been conducted on composite materials such as FRP as the shear
strengthening or reinforcement in masonry beam. Welded wire mesh has been found to
be effective shear reinforcement in reinforced concrete beams. However, no research has
considered bed joint wire (wire mesh) as shear reinforcement for masonry beams. Bed
joint wires are much smaller than standard rebars and they can be bent easily to fit in the
cells of smaller masonry concrete units. It is currently used as a bed joint reinforcement
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in masonry; therefore, it is a viable option because it is readily available in the field. Only
one study by Sarhat (2016) was conducted where 8 mm diameter smooth steel bar was
used as shear reinforcement in masonry beams.
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CHAPTER 3
EXPERIMENTAL PROGRAM
3.1 General
This chapter describes the experimental procedure of this study. An experienced mason
constructed a total of seven full-scale masonry beams and ten masonry prisms. There
were six beams reinforced with shear reinforcement and one without shear reinforcement.
These beams were constructed, cured, and tested at University of Windsor’s Structural
Laboratory. These beams were designed to investigate the feasibility of using alternative
shear reinforcement of reinforced masonry concrete (RM) beams, as well as the effect of
longitudinal reinforcement on shear capacity. The effect of chi (c) factor recommended
by the Canadian masonry standard (CSA 2014a) was studied using the prisms and beams.
3.2 Beams Geometry and Reinforcement Details
This research consisted of seven full-scale RM beams made with 150 mm hollow
masonry concrete blocks. The beam specimens were 590 mm high (three-course high)
and 4400 mm in length with 1000 mm flexural span. Table 3.1 shows all the beams that
were built and tested under four-point bending load. The shear span-to-depth ratio (a/d)
of all the beam specimens was greater than 2.5. The RM beams were split into two
groups. The first group was designed as under-reinforced beams to induce flexural
failure. These beams had 1-15M rebar as tension reinforcement. The second group was
over-reinforced in flexure to induce shear failure. These beams had 2-25M rebars as
tension reinforcement. All beam specimens contained shear reinforcement (stirrups)
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except for the control beam (Table 3.1). Beams with stirrups also include an additional
10M rebar in the compression zone for anchorage of the stirrups as specified in CSA
S304 (CSA 2014a). Beam dimensions and reinforcement details are shown in Figure 3.2
and Figure 3.3. The 8 mm steel rod and steel wire mesh (Figure 3.1) were used as
alternative shear reinforcement to the conventional steel rebars. Steel wire meshes are
typically used as bed joint reinforcement in masonry construction.

Figure 3.1: Types of shear reinforcement: (a) 10M conventional rebar (b) 8 mm smooth
steel bar (c) bed joint wire
The naming of the beam specimens indicates their main characteristics. The first
character, “F” or “S” indicates whether the specimen was designed to fail in flexure (F)
or fail in shear (S). The second set of numbers and letters “10M”, “8S”, and “6W” refers
to the type of shear reinforcement, whether the beam contained conventional 10M steel
rebar (10M), 8 mm diameter smooth steel (8S), or 6-gauge wire mesh (6W).
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Table 3.1: Test Matrix

Beam specimen

Group 1

Group 2

Stirrup

Tension Rebar

Compression Rebar

Failure Mode

Control

None

1 - 15M

None

Flexural

F-10M

10M @ 200

1 - 15M

1 - 10M

Flexural

F-8S

8mm @ 200

1 - 15M

1 - 10M

Flexural

F-6W

Wire Mesh @200

1 - 15M

1 - 10M

Flexural

S-10M

10M @ 200

2 - 25M

1 - 10M

Shear

S-8S

8mm @ 200

2 - 25M

1 - 10M

Shear

S-6W

Wire Mesh @200

2 - 25M

1 - 10M

Shear

Individual steel wire mesh was wrapped around the longitudinal reinforcement. Hence,
use of wire mesh resulted in a double-legged shear reinforcement, while the 10M rebar
and the 8 mm smooth steel bar were used as single-legged shear reinforcement as shown
in Figure 3.2. Shear reinforcement were placed at the center of every cell, resulting in a
spacing of 200 mm, to ensure that shear cracks intersect the shear reinforcement.
However, the steel wire mesh used as shear reinforcement are effectively more closely
spaced than the 10M rebar and 8 mm steel bar due to the shape of wire mesh (see Figure
3.3b and Figure 3.3d). The amount of shear reinforcement varies in the beam as shown in
Table 3.2 since the spacing of stirrups were kept at 200 mm. As can be found from this
table, the alternative shear reinforcement are approximately 50% smaller in area
compared to the 10M rebar.

39

(a)

(b)

(c)

(d)

Figure 3.2: Cross sections of masonry beams: (a) F-10M and F-8S (b) F-6W (c) S-10M
and S-8S (d) S-6W
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(a)

(b)

(c)

(d)
Figure 3.3: Reinforcement details and strain gauge (SG) locations: (a) F-10M and F-8S
(b) F-6W (c) S-10M and S-8S (d) S-6W
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Table 3.2: Amount and Spacing of Shear Reinforcement

10M

Dia.

Area

Spacing

Number of Bars in

Total Area

(mm)

(mm2)

(mm)

Shear Span

(mm2)

11.3

100.3

200.0

802.3

3.73

10.9

200.0

8

50.3

200.0

8
(one rebar or 100 mm2 in
each cell)
32
(4 wires or 43.6 mm2 in
each cell)
8
(one bar or 50.3 mm2 in
each cell)

rebar
Wire
Mesh
8 mm
bar

348.8
402.4

The effect of using 8 mm smooth steel bar and steel wire mesh as shear reinforcement in
group 1 was examined by comparing the results obtained from specimens F-8S and F-6W
to the control beam (beam which had no shear reinforcement) and specimen F-10M
(beam built with conventional steel rebar). Similarly, behaviors of specimens S-8S and S6W were compared to the behavior of specimen S-10M. The use of conventional steel
rebars as shear reinforcement is widely accepted. It is hoped that masonry beams
reinforced in shear with 8 mm smooth bar and wire mesh performs similarly or better
than the beam containing the conventional rebar (10M rebar).
The effect of chi (c) factor was investigated using the data from prisms and beams. There
were ten prisms built in two different configurations. Five prisms were built in a way that
the load in five prisms is applied parallel to the bed joint and the remaining five were
loaded normal to bed joint. These two configurations of the prisms were compared to
examine the effect of c factor. Another method of analyzing the effect of was to compare
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the flexural strength of masonry beams to the prediction of CSA S304 (CSA 2014a),
varying the value of c factor.
The effect of longitudinal reinforcement on the shear capacity of the RM beams was also
investigated in this study by comparing the beams with shear reinforcement in group one
and beams in group two. The area of tension reinforcement in specimens of group 1, F10M, F-8S, and F-6W was 200 mm2 (reinforcement ratio of 0.28%). These specimens
were compared to specimens S-10M, S-8S and S-6W, containing an area of tension
reinforcement of 1000 mm2 (reinforcement ratio of 1.52%).
3.3 Construction Procedure
The construction process of the beams and prisms consists of many steps, which include
the cutting of blocks, installation of strain gauges, reinforcement cage assembly,
construction of beams and associated prisms and finally, the grouting of beams and
prisms. All beams and prisms were constructed using 150 mm masonry concrete units.
All beams and prisms were constructed by experienced masons.
3.3.1 Block Cutting
Local masonry suppliers do not manufacture 150 mm knockout hollow masonry concrete
block units; hence the webs of the regular stretcher units were removed using the
concrete saw in University of Windsor’s structural laboratory. The webs of the masonry
blocks were reduced to provide room the compression reinforcement. This also provided
grout continuity in the compression zone of the masonry beams. An electric wet saw with
diamond blade was used to cut 40 mm of the web of 150 mm masonry units as shown in
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Figure 3.4. After cutting the webs of the concrete block as shown in Figure 3.5, the webs
were knocked out by hammering it with a rubber mallet. Lintel blocks were used at the
bottom course and this allowed placing tension reinforcement.

Figure 3.5: Cutting of the web of masonry

Figure 3.4: Wet saw

concrete unit

3.3.2 Strain Gauge Installation
Strain gauges (SG) were attached to the steel reinforcement prior to the construction of
reinforcement cages. Strain gauges were used to determine the strain of the steel
reinforcement during testing of the beam specimens. Strain gauge locations on the steel
reinforcement of the beams are shown in Figure 3.3. The steel rebars were grinded into a
clean and smooth surface before installing strain gauges. Quick drying super glue was
used to bond the strain gauge to the steel surface. Strain gauge wires were soldered to the
SGs. The resistance of the strain gauge wires was checked using a multimeter to make
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sure that the SGs did not get damage during the attachment and soldering process. The
last step was to cover the strain gauges with electrical tape to protect them from getting
damaged during construction and grouting of the beams. These steps are depicted in
Figure 3.6.

(a)

(b)

(c)
Figure 3.6: Strain gauge installation: (a) glued strain gauge on flat surface (b) soldered
wire to the strain gauge (c) protection of strain gauge using electrical tape
3.3.3 Reinforcement Cage
Steel reinforcement cage were built prior to the construction of the masonry beams. There
were two sets of reinforcement cages constructed based on the amount of tension
reinforcement. The first set of reinforcement cage was built for group 1 beams. The
second set was built for group 2 beams. The single-legged shear stirrups were tied to the
tension reinforcement as shown in Figure 3.7. The 10M rebar and the 8 mm steel bar
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were both used single-legged shear reinforcement. Steel wire mesh was also tied to the
tension reinforcement. The steel wire mesh effectively becomes double-legged shear
reinforcement as it wraps around the longitudinal rebar as shown in Figure 3.8. Since the
shear stirrups are placed inside the cells of the masonry concrete units, the top
(compression) longitudinal reinforcement was not tied to the shear stirrups.

Figure 3.7: Construction of steel reinforcement cage (10M rebar as stirrups)

Figure 3.8: Steel reinforcement cage (wire mesh as stirrups)
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3.3.4 Beam and Prism Construction
All beams were constructed in 50% running bond pattern, three-course high, composing
of mortar, fine grout, steel reinforcement, lintel blocks, half blocks, regular two-cell
stretchers, and knock-out regular two-cell stretchers. A pre-bagged type S and ready to
mix mortar, conforming to the specifications of CSA A179 (CSA 2014b), was used in
this study. The type S mortar was mixed using a portable mixer. The experienced masons
were consulted when adding water to the mortar mix to achieve their desired consistency.
Mortar cubes were obtained from different batches. These mortar cubes were tested to
determine its strength in accordance to CSA A179 (CSA 2014b).
All beam specimens in this study were internally reinforced and hence, the first (bottom)
course used lintel block units (see Figure 3.9 (a)) to provide space for the longitudinal
(tension). The second course were regular stretcher unit (see Figure 3.9 (b)). The third
course were knockout stretcher units (see Figure 3.9 (c)) to provide room for the top
reinforcement and continuity of grout in the compression zone.

(a)

(b)

(c)

Figure 3.9: Masonry concrete units: (a) lintel block (b) regular stretcher (c) regular
stretcher with 40 mm knockout webs
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Beam specimens were constructed in the following order: first, the mason laid a layer of
mortar on the strong floor to ensure that the first course (lintel units) was completely
levelled as shown in Figure 3.10. Masonry materials such as mortar and concrete block
were constantly supplied and placed near the mason to facilitate the construction process.
Then the reinforcement cage was placed in the first course as depicted in Figure 3.11.
The concrete blocks of the top courses were placed in a way that the shear stirrups were
inside the cells of the blocks as shown in Figure 3.12. The compression reinforcement
was placed and tied to the shear reinforcement, after all the concrete blocks were laid.

Figure 3.10: Laying the first course of lintel blocks
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Figure 3.11: Placement of steel reinforcement cage (8mm steel bar as stirrups) in the first
course

Figure 3.12: Shear reinforcement inside the cell of the concrete block.
Prisms were constructed after the beams were constructed. The Canadian masonry
standard (CSA 2014a) recommends the use of prisms in obtain the compressive strength
of load-bearing masonry structures. As previously mentioned, there were two sets of
prism configuration to study the effect of chi (c) factor. The first set of configurations
was for the direction of loading to be perpendicular to the bed joint as shown in Figure
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3.13 (a). The second configuration was for the loading direction to be parallel to the bed
joint as shown in Figure 3.13 (b).

(b)

(a)

Figure 3.13: Prism Configuration: (a) loaded normal to the bed joint (b) loaded parallel to
the bed joint
3.3.5 Grouting Procedure
The ends of the beams were sealed off with plywood after constructing the beams to
prevent the grout from overflowing though two ends of the beam. Silicon glue was used
to seal the plywood to the ends of the beams as shown in Figure 3.14. Following the
sealing of the ends of the beams, the grouting process of the specimens started. Fine grout
from a local ready-mix supplier, with a target strength of 20 MPa was used to fully grout
both beam and prism specimens. The truck was not able to enter the laboratory; therefore,
wheel borrow was used to transport the grout to the beam and prism specimens. Beams
and prisms were filled with fine grout using plastic scoop as shown in Figure 3.16. The
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slump was measured before grouting and during half-way through grouting of the beams.
The slump value ranged from 210 to 250 mm which are within the limits set by CSA
A179 (CSA 2014b). Grout was vibrated by fully submerging a rebar and gently vibrating
the rebar with a mechanical needle vibrator as shown in Figure 3.17. This was done
carefully to avoid damaging the strain gauges. A total of five cylinders were obtained at
the time of grouting in accordance to CSA A179 (CSA 2014b). Beams and prisms were
left to cured in laboratory conditions to cure for at least 28 days.
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Figure 3.15: Slump test

Figure 3.14: Sealing the ends of the beams

Figure 3.16: Grouting using

Figure 3.17: Vibration of grout

plastic scoop

3.4 Instrumentation
This section describes the instrumentation and test set-up of the beams and prisms. All
beams and prisms were tested after at least 28 days of curing. These specimens were all
tested in University of Windsor Structures Laboratory.
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3.4.1 Prisms
Two Linear Variable Displacement Transducers (LVDT) with 5 mm stroke and one
loadcell attached to the loading actuator were used. Masonry is non-homogenous and
local deformation may differ, hence, strain was measured over the height of the prism.
Two threaded steel rods and two LVTDs were attached on the face of the prisms as
shown in Figure 3.18, to measure the strain throughout the height of the prisms. Tapcon
screws were used to attach the LVDTs and steel rods on one face of the prism.

Figure 3.18: LVDT attachment to prisms
3.4.2 Beams
The test set up and instrumentation was the same for all beam specimens as shown in
Figure 3.19. Various test data were collected during the experimental testing stage of this
research. The data collected were load, deflection, and steel reinforcement strains. These
data were obtained using a computerized data acquisition (DAQ) system.
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Load data were obtained using loadcells. There were three loadcells used for the beam
test set up; one attached to the loading actuator and the other two at each support of the
simply supported beam. A total of four 100 mm stroke LVDTs were used to acquire the
vertical displacements of the beam. Three LVDTs were placed underneath the specimens,
approximately a third of the span of the beam apart (see Figure 3.19). The LVDTs at the
base of the beam were removed prior to failure to avoid damaging them. The fourth
LVDT was mounted to the loading actuator to track its displacement during the test. As
mentioned before, strain gauges were installed on the steel reinforcement. During testing
of the beam, the behavior of beam was also observed by looking at the strain gauge
values.

LVDT 1

LVDT 3
LVDT 2

LVDT 4

Figure 3.19: Instrumentation and test set-up for beam specimens
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3.4.3 Digital Image Correlation
Digital Image Correlation (DIC) method is a non-contact, optical measurement technique.
DIC provides strains and displacements by comparing deformed images to a reference
image. This technique relies heavily in a stochastic speckle pattern on the surface of the
specimen. The speckle pattern must be random and highly contrasting. A full-field
deformation is determined by tracking the applied speckled pattern on the surface of the
beam from the reference image to the deformed image. Several researchers have
concluded that Digital Image Correlation (DIC) is an effective way of analyzing the
cracking behavior of concrete and masonry beams (Duic et al. 2018a; Sarhat 2016;
Zohreh Heydariha et al. 2017; Zohrehheydariha et al. 2018). Crack formations, crack
spacing, crack length and width as well as strains of the surface of the specimen can all
be acquired using DIC technique. Hence, DIC technique was also implemented to both
prism and beam specimens in this study.
A thin layer of white paint (meant for concrete application) was sprayed on the surface of
the prism and beam specimens. Then, black spray paints were applied after the thin layer
of white paint. This created the highly contrasting speckle pattern. Digital cameras
capture the change in position of the speckle pattern as the beam or prism deforms. The
captured images were then imported into analytical software such as GOM Correlate
(GOM 2017). One camera was able to capture the whole surface of the prism as shown in
Figure 3.20. Two cameras were used for the beams since they were much bigger than the
prisms as shown in Figure 3.21.
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Figure 3.20: DIC set-up for prisms

Cameras

Figure 3.21: DIC set up for beams
3.4.4 DIC Crack Pattern and Crack Width
Crack pattern and crack width can be obtained at various load stages through DIC
technique. Crack pattern of the masonry beam is presented by looking at the major strain
contour from DIC. Cracking behavior of the specimens can be obtained at any load
stages. For example, the major strain contour of specimen F-6W is shown in Figure 3.22
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which highlights the crack formations at yield load. Crack widths and crack spacing were
obtained from DIC, through the horizontal displacement plot of a desired section. In this
case, the desired section is labeled as the “reference line” in Figure 3.22 (a). The
horizontal displacements of various points along reference line is presented in Figure
3.22 (b). The horizontal displacement plot was obtained by comparing the movement of
the speckled patterns of deformed image at yield load to the speckle pattern of the
undeformed image. The horizontal axis in Figure 3.22 (b) is the position of the points
along the length of the reference line and the vertical axis is the horizontal displacements
of the points along the reference line. Hence, the vertical jumps in the horizontal
displacement plot represents the locations of the cracks and the magnitude of the jump
represents the width of the crack as illustrated by the double ended arrows in Figure 3.22.
The width of the cracks is the difference of the horizontal displacement from the
beginning to the end the vertical jump. For example, vertical jump of the first crack
farthest to the left (at about 600 mm from the left side of the beam) started at 1.06 mm
and ended at 1.46 mm. Thus, the width of the left-most crack at yield of this beam is 0.4
mm (1.46-1.06 mm). The method of acquiring crack widths from DIC for masonry
beams was adopted from Zohreh Heydariha et al. (2017, 2018).

57

Reference Line

(a)

Crack width
Crack spacing

(b)
Figure 3.22: Method of acquiring cracks from DIC (a) Shear strain contour (b) Horizontal
displacement profile at the reference line
3.5 Test Procedure
Prisms were capped with hydro stone (fast-setting gypsum-based material) at the top and
bottom, as specified by CSA S304 (CSA 2014a), to provide flat bearing surface. Capping
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also provides thick loading plates to distribute the load uniformly to the prism. Prisms
were tested under compressive monotonically increasing load until failure occurred using
the loading actuator with a capacity of 3000 kN.
Beams were levelled and aligned to the center of the loading actuator. Load was applied
in monotonically increasing manner at the mid-span of the beam specimen using the
loading actuator. The loading actuator was controlled using the displacement method.
Loading was stopped when a distinct failure was observed. A pin and roller boundary
condition was applied to the specimens to simulate a simply supported beam (see Figure
3.19). A long steel spreader beam was placed on top of the beam specimen with another
pin-roller boundary condition. The top surface of the beam was grinded to make sure the
spreader beam sits flat on the specimen to avoid eccentricity. A flexural moment span of
1000 mm was kept constant using the spreader beam. A swivel head was mounted on the
spreader beam to ensure a load applied vertically and to avoid potential damages to the
loading actuator. Load was applied in monotonically increasing quasi-static manner using
displacement control method at the mid-span of the beam specimen.
In obtaining the material properties such as the mortar, grout, concrete block units, and
steel reinforcement, relevant standards such as CSA A165.1 (CSA 2014c), CSA A179
(CSA 2014b) and ASTM E8/E8M (ASTM 2013) were followed.
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CHAPTER 4
EXPERIMENTAL TEST RESULTS AND DISCUSSION
4.1 General
The purpose of this chapter is to report the analysis of the test results of ten masonry
prisms and seven full-scale reinforced masonry (RM) beams made with 150 mm masonry
concrete units. This chapter discusses the test results of beams reinforced with the
conventional steel rebar and those reinforced with alternative shear reinforcement. This
discussion leads to the conclusion that the alternative shear reinforcement (6-gauge wire
mesh and 8 mm cold rolled steel) considered in this experimental program are
appropriate replacement for conventional steel rebars, as shear reinforcement in 15 cm or
smaller RM beams. The effect of strength reduction factor, chi (c) factor recommended
in Canadian design standard, was also determined from results of the RM beams and as
well as from the prism tests. Furthermore, the effect of longitudinal reinforcement on
shear capacity of masonry beams was determined.
4.2 Material Properties
A summary of the material properties of the reinforcement and masonry materials are
provided in Table 4.1. Tensile test of steel reinforcement was conducted in accordance to
ASTM E8/E8M (ASTM 2013). Typical stress-strain curve of the 6-gauge wire mesh,
8mm round bar, and conventional rebars are shown in Figure 4.1 through Figure 4.3.
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The yield strengths (f'y) of the 10M, 15M, and 25M rebars were found to be 481 MPa,
424 MPa and 452 MPa, respectively (Table 4.1). The yield strengths of the 8 mm steel
smooth bar and 6-gauge wire mesh were obtained at 485 MPa and 492 MPa, respectively.
The compressive strength of the mortar and grout were found to be 20 MPa and 17.6
MPa, respectively. The specified compressive strength of the masonry blocks (stretcher
units), f’bl,, based on net average net cross-sectional area was calculated in accordance to
CSA A165.1 (CSA 2014c). The average net average cross-section of the 150 mm
masonry concrete blocks was 31 668 mm2 and f’bl was found to be 29.9 MPa (Table 4.1).
Table 4.1: Material properties
Materials

Strength (MPa) C.O.V (%)
Yield Failure
6-gauge wire mesh 485.0
1.8
8 mm smooth steel 492.2
2.6
Reinforcement
10M rebar
481.4
0.9
15M rebar
423.8
1.5
25M rebar
451.6
0.6
Masonry block
29.9
3.7
Masonry Materials
Type S mortar
20.0
4.7
Fine grout
17.6
8.4
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Figure 4.1: Typical stress-strain curve for 6-gauge wire mesh

Figure 4.2: Typical stress-strain curve for 8 mm smooth steel bar
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Figure 4.3: Typical stress-strain curve for conventional (deformed) steel
4.3 Prism Results
All ten prisms tested in this study were 140 mm wide, 390 mm long, and 790 mm high
(four-course high). These prisms were built with unaltered regular stretcher units and
fully grouted with fine grout. There were five prisms constructed normal to the bed joint
(N-series prisms) and the remaining five were parallel to the bed joint (P-series prisms).
A gross area of 74 100 mm2 (140 mm x 390 mm) was used to calculate the compressive
strength since the prisms were all fully grouted.
4.3.1 Failure Mode
The failure of prisms occurred with almost no warning. The mode of failure of prisms
loaded normal and parallel to the bed joint were similar as shown in Figure 4.4 and
Figure 4.5. This failure can be referred to as tensile splitting. As the uniaxial load was
gradually increased, the grout, which was confined in the cells of the masonry units,
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experienced a significant lateral expansion due to Poisson’s effect. This lateral expansion
of the grout pushed the shells of the masonry unit causing tension in the outer face of the
prism. As a result, the masonry units separated from the grout and a column of grout with
cracks in it as seen in Figure 4.4 and Figure 4.5. It was difficult to determine whether the
grout or the face shell of blocks failed first because the failure of prisms occurred rapidly.

Grout
Block
separation

Figure 4.4: Typical failure of prisms

Figure 4.5: Typical failure of prisms

loaded normal to the bed joint

loaded parallel to the bed joint

4.3.2 Determination of Compressive Strength
The compressive strength and modulus of elasticity of prisms were calculated in
accordance to Annex C and Annex D of CSA S304 (CSA 2014a) and using Equation 4.1.
In Equation 4.1, 𝑓 D 𝑚 is the masonry compressive strength, 𝑓𝑎𝑣 is the mean prism
strength and, 𝑠 is the standard deviation.

𝑓 D 𝑚 = 𝑓𝑎𝑣 − 1.64𝑠
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4.1

The stress applied to the prism was obtained by dividing the failure (maximum) load with
the cross-sectional area. The LVDTs installed to the prisms did not provide consistent
results and hence, strain data was obtained through Digital Image Correlation (DIC)
technique. Since masonry is non-homogenous material and local deformation may differ,
strain was measured over the height of the prism. The modulus of elasticity was
determined from the stress-strain plot, using the secant modulus at a stress range from 5%
to 33% of 𝑓𝑎𝑣, as illustrated in Figure 4.6. This region is thought to be within the linear
portion of the curve. The relatively flat region at the beginning of the curve in Figure 4.6,
can be associated with closure of small gaps between the mortar and masonry units and
slacks in the test setup. These small gaps would be shut in real structures due to selfweight (Drysdale and Hamid 2005).
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Figure 4.6: Typical stress-strain curve of prisms tested perpendicular and parallel to the
bed joint
4.4 Beam Results
There were seven full-scale RM beams tested in this study. These beams were divided
into two groups (Table 3.1). The first group were under-reinforced beams. The control
beams, F-10M, F-8S and F-6W were part of group 1. The second group were overreinforced. Specimens S-10M, S-8S and S-6W were part of group 2.
4.4.1 Group 1 Beams
The control beam, F-10M, F-8S, and F-6W were part of group 1. These beams contained
1-15M rebar as the tension reinforcement. Beams with shear reinforcement (F-10M, F8S, and F-6W) were compared to the control beam without shear reinforcement to study
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the effect of shear reinforcement. Specimens F-8S and F-6W were compared to F-10M to
investigate the effect of alternative shear reinforcement.
4.4.1.1 Load-Deflection Behavior
Beams in group 1 were designed as under-reinforced beams. The load-deflection
behavior of the specimens in the first group is shown in Figure 4.7. The load shown in
this plot was obtained from the loading actuator and the deflection was obtained from the
mid-span LVDT 3 (see Figure 3.19). The load-deflection behavior of beams in this group
was almost identical. Initially, the relationship of load and deflection for all specimens
were linear. A change in slope in the elastic region at approximately 15 kN can be
observed in this figure. At this load, vertical cracks began to form at the extreme tension
fiber of the beam and longitudinal steel reinforcement started to take tensile stresses of
the beam. The slope of this curve began to flatten as the internal steel reinforcement
reached its yield point, undergoing plastic deformation. The control beam (without shear
reinforcement) failed at about 52 mm mid-span deflection, whereas beams with shear
reinforcement failed at about 97 mm. Hence, the control beam failed at much earlier
deflection compared to the beams with shear reinforcement. All three beams with shear
reinforcement exhibited similar load capacities and thus, similar shear capacities.
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Figure 4.7: Load -displacement behavior of group 1 beams
4.4.1.2 Strain Response
Strain data obtained from the steel reinforcement of group 1 beams are presented in
Figure 4.8 to Figure 4.11. A shift in strain of the bottom reinforcement at about 17 kN
can be observed in Figure 4.8 and Figure 4.9. The shift may have occurred due to the
formation of vertical cracks at the mid-span of the beam (location of strain gauge). The
shift in strain value shows that the load transferred to the bottom steel reinforcement as
the beam cracks, since masonry is weak in tension. Strain gauges acquire very localized
strains and hence, shift in strain value was seen because the crack occurred at the location
of the strain gauge. The shift in strain value is present in the control beam, and F-10M,
but not in F-8CS and F-6W specimen. This is because specimens F-6W and F-8CS did
not crack at the location of the strain gauges.
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The bottom (tension) rebar of the control beam, F-10M, F-8S, and F-6W yielded at 46
kN, 46 kN, 48 kN, and 47 kN, respectively. Strain gauges at the bottom rebar were
damaged near the end of the test. Hence, the strains plotted in this study show increasing
values until the strain gauges were damaged. The maximum strains recorded at the
bottom rebar of the control beam, F-10M, F-8S, and F-6W were 2.58%, 0.45%, 3.9%,
and 1.9%, respectively. Thus, strain data showed that the bottom rebar was past its yield
strain (0.2%) and experienced significant plastic deformation. This indicates that the
behavior of the beams in group 1 was ductile and thus, these beams behaved as underreinforced beams as they were designed.
The top rebars experienced a maximum strain of 0.37%, 0.40%, and 0.42% in beams F10M, F-8S, and F-6W, respectively. These strain values are greater than the crushing
strain of masonry, which is set by CSA S304 (CSA 2014a) as 0.3%. Hence, the strain
data for this beam confirms that masonry crushing occurred at the extreme compression
fiber of these beams.
Strain data from the shear reinforcement (shear stirrups) are also shown in Figure 4.8 to
Figure 4.11. The 10M rebar, 8 mm smooth steel bar, and the 6-gauge wire mesh
experienced a maximum strain of 0.18%, 0.10%, and 0.11% respectively. These strain
readings indicate that the shear stirrups were resisting the shear stress that were applied to
the beam specimens. However, these shear stirrups did not experience yielding.
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Yield point

Shift in strain

Figure 4.8: Strain data of control beam without stirrups

Yield point

Shift in strain

Figure 4.9: Strain data of beam F-10M
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Yield point

Figure 4.10: Strain data of beam F-8S

Yield point

Figure 4.11: Strain data of beam F-6W
4.4.1.3 Failure Mode
Beam specimens were loaded until failure. Failure occurs when the load drops by about
20% or the crushing of masonry in the compression zone occurred. The control beam had
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no stirrups and contained 1-15M rebar as a tensile reinforcement. This beam failed in a
ductile manner. Flexural cracks initiated at the head joints of the bottom course. Shear
cracks started to form shortly after, as the load was increased. Ultimately, the masonry
blocks crushed in the compression zone of the beam (see Figure 4.12), after the yielding
of steel reinforcement.

Crushing of
concrete

Figure 4.12: Failure mode of control beam without stirrups
Beams of group 1 built with shear reinforcement (F-10M, F-8S and F-6W) showed a
ductile behavior. Vertical cracks started to form at the head joints and subsequently, shear
cracks started to appear. Flexural and shear cracks grew in width and length as load
gradually increased. Fragments of the lintel block in the first course of the beam fell off
as flexural cracks grew wider. LVDTs at the bottom of the beam were removed to
prevent from potential damages from the blocks falling off. The grout in the compression
zone crushed long after the yielding of steel reinforcement (see Figure 4.13 to Figure
4.15).
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Flaking of
Concrete

Figure 4.13: Failure mode of specimen F-10M

Flaking of
Concrete

Figure 4.14: Failure mode of specimen F-8S
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Flaking of
Concrete

Figure 4.15: Failure mode of specimen F-6W
4.4.2 Group 2 Beams
Specimens in the second group were reinforced with two 25M rebar for flexure. These
beams were designed as over-reinforced beams to ensure shear failure occurs in these
beams. However, CSA S304 (CSA 2014a) does not permit this type of failure. These
beams also contained shear reinforcement. Group 2 beams were used to study the effect
of longitudinal reinforcement on shear capacity of RM beams.
4.4.2.1 Load-Displacement Response
The load-deflection behavior of beams in group 2 are shown in Figure 4.16. Load from
the loading actuator was plotted against the mid-span deflection measured using the
LVDT 3 in Figure 3.19. As can be found from this figure, the load-deflection relationship
is linear up to the ultimate load, which indicates that the beams did not experience
yielding. The ultimate load of specimens S-10M, S-8S, and S-6W were found to be 94
kN, 94 kN, and 99 kN, respectively. Beam reinforced in shear with bed joint wire (S-6W)
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exhibited slightly higher load than beam with conventional rebar as shear reinforcement
(S-10M) and beam that was built with round steel bar as shear reinforcement (S-8S).
Specimens S-8S and S-6W failed at a mid-span deflection of about 16 mm, whereas S10M failed at 19 mm. Hence, specimen S-10M exhibited a slightly higher ductility than
specimens S-8S and S-6W. This can be attributed to the deformed shape of the
conventional steel rebar, which provided better bondage with the grout. Nonetheless, all
three beams failed at similar load without experiencing significant deformation.

Figure 4.16: Load-deflection behavior of group 2 beams
4.4.2.2 Strain Response
Strain data obtained from the reinforcement of group 2 beams are presented in Figure
4.17 through Figure 4.19. There were multiple strain gauges installed on the steel
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reinforcement. The strain gauges with the highest strain values are plotted in this study.
The maximum strain values of specimen S-10M, S-8S, and S-6W were found to be
0.15%, 0.13%, and 0.14%, respectively. These strain values are much less than the yield
strain value of 0.2%, as specified by CSA S304 (CSA 2014a), hence, it is obvious that the
bottom (tension) rebars did not yield when the beams failed. The linear trend of the
strain in the bottom rebar confirms that it is still within its elastic region. Strain data
confirms that the masonry controlled the failure since steel reinforcement did not yield.

Figure 4.17: Strain data for specimen S-10M
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Figure 4.18: Strain data for specimen S-8S

Figure 4.19: Strain data for specimen S-6W
The maximum strains recorded from the shear reinforcement were 0.04%, 0.1%, and
0.04% for 10M rebar, 8 mm smooth bar, and wire mesh respectively. These strain values
were far below the yield strain of 0.2%. Although the beams in group two experienced
shear-controlled failure, strain data shows that the shear reinforcement had minimal
contribution to the shear capacity of the beams. This can be explained by examining the
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strains from DIC near the shear cracks of the beams. Figure 4.20 shows the horizontal
strain contour of the beams at ultimate load (before failure). Strain values obtained from
these figures shows that the maximum compressive strains at the top of the shear cracks
ranged from 0.5% to 1.7% for all beams in group 2. Since these strain values are greater
than 0.3 %, this indicates the crushing of masonry occurred at the top surface of the shear
span. Physical evidence further confirms that the masonry near the shear cracks were
separated from the grout as shown in Figure 4.21. Hence, the formation of large shear
cracks at an early stage of loading, followed by the destruction of the surrounding
masonry caused the complete failure of these beams. This in turn resulted in shear
reinforcement not able to be engaged as the shear cracks formed, hence the shear
reinforcement did not achieve its yield strain.

-0.60%
-1.68%
-0.99%
-0.63%

(a)
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-0.35%

-0.56%

-0.13%

(b)

-0.56%

-0.27%

-0.47%

-0.97%
(c)
Figure 4.20: Horizontal strain contour at ultimate load of: (a) S-10M (b) S-8S and (c) S6W
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Figure 4.21: Destruction of masonry at the shear span
4.4.2.3 Failure Mode
Beam specimens S-10M, S-8S, and S-6W experienced sudden failure. The failure pattern
was the same for all three beams. The crack pattern and crack initiation were similar as
well. Vertical cracks started at the mortar (head) joints throughout the length of the
beams. Most of the vertical cracks in the shear span propagated through the mortar joint
in stepwise manner. Two or three stepwise cracks formed near the roller support. As the
load was increased, one of the shear cracks widened and extended towards the top surface
of the beam, ultimately causing failure of the beam as shown in Figure 4.22 to Figure
4.24. It can also be observed from these figures that there was destruction of bond
between the tension reinforcement and the surrounding masonry materials (grout and
masonry blocks) near the roller support.
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Roller
support

Destruction of bond
between grout and
reinforcement

Figure 4.22: Step-wise shear crack in specimen S-10M

Stepwise
crack

Figure 4.23: Shear cracks in specimen S-8S
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Destruction
of masonry
materials

Figure 4.24: Shear cracks in specimen S-6W
4.4.2.4 CSA S304 Shear Strength Prediction
The shear resistance of masonry beams is calculated using Equation 4.2, in accordance to
CSA S304 (CSA 2014a). For beams with shear reinforcement, the shear resistance is
calculated by adding the contribution of the masonry and shear reinforcement.
𝑉𝑟 = 𝑉𝑚 + 𝑉𝑠

4.2

The masonry shear resistance, 𝑉𝑚, is calculated as:
𝑉𝑚 = ∅I 𝜆𝐾L 𝛽N𝑓′I 𝑏P 𝑑"
Where
∅I = Material resistance factor for masonry
𝜆 = factor that accounts for the density of concrete masonry units
β = shear coefficient
𝑓′I = compressive strength of masonry, normal to the bed joint
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4.3

bw = overall web width of the beam
Kb = 1 for reinforced grouted hollow concrete masonry (beams in this study)
The contribution of the shear reinforcement, 𝑉𝑠, is calculated as follows:
𝑉𝑠 = 𝜙R 𝐴" 𝑑" 𝑓S 𝑐𝑜𝑡𝜃X /𝑠

4.4

𝜙R = resistance factor for steel
𝐴" = cross-sectional area of the shear reinforcement
𝑑" = effective shear depth
𝑓S = yield strength of shear reinforcement
𝜃X = inclination of the diagonal compressive stresses measured from the horizontal
𝑠 = spacing of the shear reinforcement measured parallel to the longitudinal axis of the
member
Since beams in this study were not subjected to significant axial tension, the simplified
method of CSA S304 (CSA 2014a) was used to predict the shear capacity. Hence, the 𝛽
value was equal to 0.18 in Equation 4.3 and 𝜃X was equal to 42o in Equation 4.4. The
material resistance factors were excluded (∅I = 1 and 𝜙R = 1). The actual material
properties found in section 4.2 were used in the calculation of CSA S304 prediction.
The shear capacity observed from the test specimens was compared to shear prediction
by CSA S304 (CSA 2014a) as shown in Table 4.2. The average ratio of observed (test)
shear capacities to CSA S304 predictions (Equation 4.2) was determined as 0.42. Thus,
this study found that the CSA S304 (CSA 2014a) overestimates the shear capacity of the
masonry beams when they are over-reinforced (group 2 beams). As discussed before, the
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strains of the shear reinforcement in group 2 beams did not reach its yield strain.
However, CSA S304 (CSA 2014a) assumes that the shear reinforcement has yielded by
setting the yield strength (𝑓S ) of the shear reinforcement in Equation 4.4. Thus, the reason
for the overestimation was because the shear reinforcement was not able to achieve its
yield strength.
CSA S304 (CSA 2014a) prediction becomes more accurate when the contribution of
stirrups is completely ignored. The average ratio of observed shear capacity to CSA S304
prediction of masonry shear contribution (Equation 4.3) was 1.10. Hence, this indicates
that the shear capacity of the masonry was fully attained. This analysis also suggests that
the contribution of the shear reinforcement was minimal which was also confirmed by the
strain data obtained from the shear reinforcement.
Table 4.2: Observed shear capacity versus CSA S304 prediction
Test (kN)
Specimen
Vt
S-10M
S-8C
S-6W

46.60
46.90
50.00

Vm

CSA S304
(kN)
Vs
Vr

43.33 118.23
43.33 60.63
43.33 51.92

Test/CSA S304
Vt / Vm

Vt / Vr

161.56
103.96
95.24
Average

1.08
1.08
1.15
1.10

0.29
0.45
0.52
0.42

Standard
Deviation

0.04

0.12

Beams in group 1 were not considered in this part of the analysis because they did not fail
in shear.

84

4.5 Analysis and Discussion
4.5.1 Effect of Alternative Shear Reinforcement in Under-reinforced Beam
Specimens
The ultimate load of the control beam (beam without any shear reinforcement in Table
3.1) was 52 kN at with a mid-span deflection of 52 mm. The ultimate load was 56 kN, 57
kN and 60 kN for the beams built with shear reinforcement, F-10M, F-8S and F-6W,
respectively (see Figure 4.7). The maximum deflection of beams with stirrups was about
97 mm. Specimens F-10M, F-8S, and F-6W exhibited ultimate loads, which were 7%,
10%, and 15% higher than the control beam (beam without stirrups), respectively.
Specimen F-6W which had wire mesh as the shear reinforcement performed slightly
better than the beams built with conventional steel rebar (F-10M) and 8 mm round steel
bar (F-8S). This is possibly because wire mesh was double-legged and thus, this
effectively reduced the spacing of stirrup and as well confined the grout more than the
single-legged shear reinforcement used in beam specimen F-10M and F-8S as indicated
in Figure 3.3. This result is in agreement to study conducted in reinforced concrete beams
by Lin and Perng (1998). As expected, the use of stirrups improved the ductility and
enhanced the capacity of RM beams. The load-deformation behavior also shows that the
use of 8 mm diameter steel bar and wire mesh used as shear reinforcement resulted in
behavior of the beam similar to beam with conventional rebar.
As previously mentioned, the control beam failed at much earlier deflection than the
beams built with shear reinforcement. The control beam failed at a mid-span deflection of
about 52 mm. Hence, crack width and crack pattern of all beams in group 1 was obtained
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at this deflection to study the effect of shear reinforcement. Figure 4.25 to Figure 4.28
show the cracking behavior of beams in group 1 at a mid-span deflection of 52 mm.
In reinforced concrete beams, shear cracks propagate diagonally, however, the majority
of the shear cracks in masonry beams of this study propagated in a stepwise manner
through the mortar joints (see Figure 4.25 to Figure 4.28). Shear reinforcement are
effective after the shear cracks form. Additionally, only the shear reinforcement
intersecting the shear cracks are effective in resisting the shear load. Since the shear
cracks propagated in stepwise manner, the cracks intersected the shear reinforcement
horizontally for the beams in this study. Hence, the horizontal crack widths were
examined to study the effect of shear reinforcement in masonry beams.
Table 4.3 shows the average and maximum horizontal crack width at the shear span. The
control beam had a maximum horizontal crack width of 0.66 mm. However, specimen F10M, F-8S, and F-6W had maximum horizontal crack width of 0.21 mm, 0.56 mm, and
0.45 mm, respectively. It can be observed that beams with shear reinforcement had
maximum horizontal crack width, which is much smaller as compared to the control
beam (beam with no shear reinforcement). It is apparent that the presence of shear
reinforcement is effective in reducing crack widths at the shear span. In addition, the
length of shear cracks (at shear span) in the control beam (without stirrups) extended
nearly to the loading point (see Figure 4.25). Meanwhile, shear cracks only extended to
the top bed joint in beams built with shear reinforcement (see Figure 4.26 to Figure 4.28).
Hence, the presence of stirrups slowed down the propagation of the shear cracks towards
the top surface of the beam.
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The crack widths of specimen F-8S and F-6W was compared to F-10M, to study the
performance of alternative shear reinforcement compared to conventional rebar. The
average widths of the horizontal cracks were 0.18 mm, 0.30 mm, and 0.19 mm for
specimens F-10M, F-8S and F-6W, respectively. The average horizontal cracks of F-10M
and F-6W were almost identical. The average horizontal crack of F-8S was 67% larger
than F-10M and F-6W. However, Specimen F-10M performed better than F-8S and F6W when considering the maximum crack width. The maximum crack width of specimen
F-10M was 0.21 mm, while specimen F-8S and F-6W had a maximum crack width of
0.56 mm and 0.45 mm, respectively. This can be attributed to the fact that traditional
rebars are deformed, which provide a better bondage with the grout. Stirrups were
provided in each cell (200 mm spacing on centres) of the masonry beam. This was to
ensure that shear cracks would intersect the shear reinforcement. Since, the spacing of
stirrups was kept unchanged at 200 mm, specimen F-10M contained approximately twice
the amount of shear reinforcement than the specimens F-6W and F-8S as shown in Table
3.2. By doubling the amount of shear reinforcement in the masonry beam, the maximum
horizontal crack width was reduced by approximately 2.4 times.
Thus, this study found that the use of wire mesh reduced the average horizontal crack
width and average crack width for specimen F-6W was similar to specimen F-10M.
Again, this can be linked to the fact that wire mesh being double-legged and effectively
more closely spaced than the single-legged shear reinforcement (conventional rebar and 8
mm steel rod). However, the conventional rebar was better in controlling the crack widths
locally than F-6W, since specimen F-10M had the least maximum horizontal crack width.
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The 8 mm diameter smooth steel bar was least effective at reducing the crack widths.
This is because 8 mm steel rod was smooth which was not as effective at controlling
cracks compared to the deformed rebar. Furthermore, the 8 mm steel rod was singlelegged which did not provide better confinement of the grout compared to the wire mesh.
Table 4.3: Horizontal crack widths at the shear span
Specimen
Maximum
crack
width
(mm)
Average
crack
width
(mm)

CB

F-10M

F-8S

F-6W

0.66

0.21

0.56

0.45

0.43

0.18

0.30

0.19

Note: The widening of cracks at the flexural span damage the speckle patter and thus,
DIC technique was not able to measure cracks at this span.
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Cracks close to the
compression zone

Figure 4.25: Shear strain contour and crack widths of the control Beam (no stirrups) at 52
mm deflection

Cracks extended at
the top bed joint

Figure 4.26: Shear strain contour and crack widths of specimen F-10M at 52 mm
deflection
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Cracks extended at
the top bed joint

Figure 4.27: Shear strain contour and crack widths of specimen F-8S at 52 mm deflection

Cracks extended at
the top bed joint

Figure 4.28: Shear strain contour and crack widths of specimen F-6W at 52 mm
deflection

4.5.1.1 Ductility
The study of behavior of flexural members involves the ductility. The ability of a
member to deform past its yield point without considerable loss in strength is referred to
90

as ductility. In this study, ductility (𝜇) was measured by deflection (𝜇∆ ) and energy (𝜇\ )
ratio.

𝜇∆ =

∆𝑢
∆𝑦

4.5

𝜇\ =

𝐸𝑢
𝐸𝑦

4.6

In Equations 4.5 and 4.6, the numerators, ∆𝑢 and 𝐸𝑢 are the mid-span displacement and
energy at the ultimate load, respectively. ∆𝑦 and 𝐸𝑦 represent the value of the mid-span
displacement and energy at the yield load, respectively.
The ductility values computed for the beam specimens of group 1 using these two
methods are shown in Table 4.4. This table shows that the beams with shear
reinforcement (F-10M, F-8S, and F-6W) exhibited higher ductility compared to the
control beam, CB. Beams with shear reinforcement had an average of 15.4% higher
ductility value than the control beam (CB) using the displacement ratio in Equation 4.5.
This ductility value increased to an average of 64.6 % when using the energy ratio in
Equation 4.6. This table further shows that ductility values of the beams built with
alternative shear reinforcement, F-8S and F-6W were similar to the ductility value of the
beam built with conventional rebar, F-10M. Hence, the use of 8 mm steel smooth bar and
6-gauge wire mesh as shear reinforcement to concrete block masonry beams provide a
ductility that is similar to the masonry beam with conventional steel rebars. However, the
finding of this study differs from a previous study conducted on reinforced concrete
beams by Lin and Perng (1998). The study conducted by Lin and Perng (1998) showed
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that the use of wire mesh as shear reinforcement in concrete beams resulted in a better
ductility than the concrete beams with conventional steel rebar as shear reinforcement.
Table 4.4: Beam ductility index using deflection and energy method
Specimen

∆u

∆y

μΔ=∆u/∆y

Eu

Ey

μE =Eu/Ey

CB (No Stirrup)

52.7

11.2

4.7

2343.4

277.6

8.4

F-10M

90.3

17.4

5.2

4362.3

323.4

13.5

F-8CS

96.5

17.4

5.6

4778.8

382.1

12.5

F-6W

97.3

17.6

5.5

4870.3

352.2

13.8

Ductility of group 2 beams was not calculated since the behavior of these beams was not
ductile.
4.5.2 Methods of Determining Chi factor
Group 1 beams were designed and detailed according to the Canadian design standard,
CSA S304 (CSA 2014a). The Canadian concrete (CSA 2014d) and masonry (CSA
2014a) design standards use similar method in predicting the flexural strength of beams.
The key difference between the Canadian concrete (CSA 2014d) and masonry (CSA
2014a) design standards is the strength reduction factor referred to as chi factor (c)
recommended by CSA S304 (CSA 2014a). The c factor is dependent on the direction of
compressive forces and the continuity of grout in the compression zone of the masonry
beams. Masonry beams have horizontal grout continuity if the webs of the masonry unit
do not interrupt the grout in the compression zone along the length of the beam. For this
case, the reduction factor (c) is 0.7 or 30% reduction in compressive strength is
recommended by CSA S304 (CSA 2014a) when the compressive forces are also applied
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parallel to the bed joint. The compressive strength of masonry beams is reduced by 50%
(c = 0.5) when compressive forces are applied parallel to the bed joint and grout in the
compression zone is not horizontally continuous. The possible reason for the application
of the chi factor was the difference between the mortar compaction in the head joint and
bed joint of masonry beams. The compaction of mortar at the head joint is typically less
than the compaction of mortar at the bed joint (Zohrehheydariha et al. 2018). Thus, CSA
S304 reduces the strength of masonry when the compressive force is applied normal to
the head joint (or parallel to the bed joint).
There are different methods of studying c factor. Prism test is the traditional way of
determining the compressive strength of masonry structures. Hence, many researchers
have studied the effect of loading orientation through prism tests ((Hamid and Drysdale
1980; Khalaf 1997; Ring et al. 2009; Sarhat 2016; Wong and Drysdale 1985). Other
researches used beam data and compared the results to prism data. Since compressive
forces are always applied parallel to the bed joint in masonry beams, Ring et al. (2012)
calculated the compressive strength of over-reinforced beams and compared it to the
prisms loaded perpendicular to the bed joint. Zohrehheydariha et al. (2018) investigated
the effect of c factor by comparing CSA S304 predictions with and without the material
reduction factor and the c factor to the observed test results. In the current study, the
prism test and Zohrehheydariha et al. (2018) method were used to investigate the effect
of c factor.
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4.5.2.1 Prism Tests (Normal Versus Parallel to the Bed joint)
Table 4.5 shows average test results of the prisms tested in this study. The compressive
strength of prisms loaded parallel and normal to the bed joints were 13.5 MPa and 15.2
MPa, respectively. The ratio of compressive strength parallel and normal to the bed joint
was 0.89. Hence, the compressive strength of prisms parallel to the bed joint is less than
the prisms loaded normal to the bed joint. This trend agrees with CSA S304 (CSA
2014a), however, the Canadian standard recommends using the chi factor (c) which has a
value of 0.5, that is, a strength reduction of 50% is to be applied since grout was
discontinuous (unaltered stretcher units were used in prism specimens) and compressive
forces acted parallel to the bed joint. This study found that there was 11% reduction in
strength when loaded parallel to the bed joint. Hence, the c factor set by CSA S304 (CSA
2014a) is overconservative.
Table 4.5: Prism test results
Prism Series

No. of Specimens

f’m (MPa) C.O.V (%) E (MPa)

N-Series

5

15.2

9.8

11070

P-Series

5

13.5

10.0

9228

4.5.2.3 Zohrehheydariha et al. (2018) Method
Zohrehheydariha et al. (2018) compared the moment carrying capacity of the beams
obtained from the test to CSA S304 (CSA 2014a) predictions with and without the
material reduction factor (∅𝑚, ∅𝑠) and the c factor. This analysis was adopted for the
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beams in this study to study the influence of c factor on flexural capacity of masonry
beams.
In the current study, strain diagrams are provided in Figure 4.29 to determine whether
grout was continuous in the compression zone of the beams in group 1 (except the control
beam). Strains from the top and bottom steel reinforcement were used to plot the strain
diagrams. Strain diagram of the control beam could not be obtained because this beam
did not contain top (compression) reinforcement. The depth of neutral axis (compression
zone) was located using the strain diagrams. It can be seen in Figure 4.29a to Figure
4.29c that the compression zone of the beams was interrupted by the webs of the blocks
at yield load hence grout was not continuous and the c factor was set to 0.5 for the
prediction of flexural capacity by CSA S304 (CSA 2014a).

(a)
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(b)

(c)
Figure 4.29: Strain distribution at different load level of group 1 beams: (a) F-10M
(b) F-8S (c) F-6W
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Equation 4.7 was used in calculating CSA S304 (CSA 2014a) predictions. The material
properties obtained from the current study were used.
𝛽X 𝑐
𝑀𝑟 = ∅𝑚 ∗ χ ∗ c0.85 ∗ 𝑓′ 𝑚e ∗ 𝑏 ∗ 𝛽1 ∗ 𝑐 ∗ f𝑑 − g ij + ∅𝑠 ∗ 𝐴𝑠′ ∗ 𝑓𝑠′(𝑑 − 𝑑D )
2

4.7

The experimental results of group 1 beams were compared to CSA S304 (CSA 2014a)
flexural strength predictions to study the effect of chi (c) factor. The second column of
Table 4.6 is the ultimate moment capacity of the beams obtained from the tests. Columns
3 and 4 of Table 4.6 are the CSA S304 (CSA 2014a) flexural strength predictions with
and without material resistance factors and chi factor (c). The predicted strengths with
material resistance factors and strength reduction factor (∅𝑚 = 0.6, ∅𝑠 = 0.85, χ = 0.5)
were on average, 23% lower than the strengths observed from the tests. The predicted
strengths without any factors were on average, 8% less than the strength observed from
the tests. Hence, CSA S304 (CSA 2014a) more accurately predicted the flexural strength
of the masonry beams when the material factors and c factor were both excluded, as
depicted in Table 4.6. This method adopted from Zohrehheydariha et al. (2018) studied
the combined effect of material factors (∅𝑚, ∅𝑠) and c factor, varying all three factors on
flexural strength of masonry beams instead of solely isolating effect of c factor.

Table 4.6: Test results versus CSA S304 strength predictions (adopted from
Zohrehheydariha et al. (2018))
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Test

CSA S304 prediction (kN*m)
With factors
Without factors
Specimen (kN*m)
(∅𝒎 = 𝟎. 𝟔, ∅𝒔 = 𝟎. 𝟖𝟓, 𝛘 = 𝟎. 𝟓) (∅𝒎 = 𝟏, ∅𝒔 = 𝟏, 𝛘 = 𝟏)
F-10M
43.6
34.5
41.3
F-8S
44.3
34.5
41.3
F-6W

47.0

34.5

41.3

Hence, the current study modified this method of analysing the effect of c factor by
keeping the material factors constant. This was done by excluding the material factors
(∅𝑚 = 1, ∅𝑠 = 1) and only changing the value of c factor as shown in Table 4.7. The c
factor was set to 0.5 and 0.7, as per recommendation of CSA S304 (CSA 2014a). The
average strengths predicted by CSA S304 for c equal to 0.5, 0.7 and, 1 were 9.3%, 8.8%
and 8.2%, lower than the moment capacities observed from the tests, respectively. Hence,
this study found that setting c equal to unit value, 1 gives the most accurate prediction.
However, it can be observed from Table 4.7 that setting c equal to 0.5 or 0.7, results in
negligible difference in the prediction of ultimate moment capacity. Thus, the effect of
chi factor on flexural strength of masonry beams is minimal.
Table 4.7: Effect of chi (c) factor
Specimen

Test (kN*m)

F-10M
F-8S
F-6W

43.6
44.3
47.0

CSA S304 prediction (kN*m)
c=0.5
c=0.7
c=1
40.8
41.0
41.3
40.8
41.0
41.3
40.8
41.0
41.3

4.5.2.4 Summary of Different Methods of Studying Chi Factor
Different methods were used to determine the effect of chi factor (c). Test results from
prisms found that there was 11% reduction in compressive strength when the load is
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applied parallel to the bed joint with grout fully interrupted. However, current Canadian
standard, CSA S304 recommends 50% strength reduction (c = 0.5) when compression
zone is interrupted. Another method was adopted from Zohrehheydariha et al. (2018)
which analyse the combined effect of c factor and material reduction factor on flexural
strength of masonry beams. Zohrehheydariha et al. (2018) method was modified in the
current study by isolating the effect of c factor from the material resistance factors, ∅𝑚
and ∅𝑠. The modified method demonstrated that c factor has negligible effect in CSA

S304 (CSA 2014a) prediction of flexural strength of masonry beams.
4.5.3 Effect of Main Reinforcement in Shear Capacity
Since beams in group 2 failed the same manner, regardless the type and amount of shear
reinforcement used, these beams were used to study the effect of the tensile
reinforcement on the shear capacity. Beams in group 1 was compared with the beams in
group 2 to assess the influence of main longitudinal reinforcement on shear capacity. The
only difference between these two sets of beams is the amount of longitudinal
reinforcement. Group 1 beams had a reinforcement ratio (ρ) of 0.28 % while group 2
specimens have the reinforcement ratio of 1.52%. However, all the beams of both groups,
had the same dimensions, materials, amount of shear reinforcement (except the control
beam), and loading conditions.
4.5.3.1 Load-deflection Comparison
Load-deflection behavior of beams in group 1 was compared with their counterpart
beams in group 2 as shown in Figure 4.30. In these figures, the values on y-axis
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represents the shear load (load at the supports) applied to the beam. The effect of amount
of main reinforcement on shear capacity becomes apparent in these figures. Specimens F10M, F-8S, and F-6W (group 1 beams) experienced a maximum shear load of 28.1 kN,
28.6 kN, and 30.3 kN, respectively. However, specimens S-10M, S-8S and S-6W (group
2 beams) had a maximum shear load of 46.6 kN, 46.8 kN, and 50.0 kN, respectively.
Hence, the study shows that the shear capacity of masonry beams increased considerably
as the reinforcement ratio increased from 0.28% to 1.52%. Beams in group 2 had 5.4
times (443%) more flexural reinforcement than beams in group 1. However, group 2
beams showed only about 65% higher shear load capacity than the beams in group 1.
This trend agrees with the finding of Sutter and Keller (1982) and Pasquantonio et al.
(2016). Sutter and Keller (1982) found that increasing flexural reinforcement by 2.5 to 3
times in masonry concrete beams, resulted in an increase of shear strength by about 80%.
Pasquantonio et al. (2016) showed that the longitudinal reinforcement ratio had more
influence on shear capacity of masonry beams with lower specified compressive strength.
Hence, this study confirms that increase in longitudinal reinforcement causes an increase
in the shear capacity of masonry beams. However, the increase of shear capacity of the
masonry beams is not proportional to the increase of flexural reinforcement. This is
because of the interaction of the masonry materials (blocks, mortar, and grout) and the
steel reinforcement make the masonry structure to act as a complex composite structure.
The stiffness of the beam can also be seen in Figure 4.30. The average stiffness of group
1 beams (F-10M, F-8S and F-6W) and group 2 beams (S-10M, S-8S and S-6W) were
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1.52 kN/mm and 2.90 kN/mm, respectively. Hence, increasing reinforcement ratio also
increased the stiffness of the masonry beam.

(a)

(b)
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Figure 4.30: Comparison of load-deflection behavior: (a) F-10M vs S-10M (b) S-8S vs F8S (c) F-6W vs S-6W
4.5.3.2 Comparison in Cracking Behavior
The effect of longitudinal reinforcement on cracking behavior was analysed by
comparing group 1 beams with group 2 beams at the same load level. The cracking
behavior was examined at 50 kN. At this load, group 1 beams had just past its yield load
and group 2 beams were at approximately 50% of its ultimate load.
Figure 4.31 to Figure 4.33 shows the crack pattern and crack width at 50 kN for beams in
group 1 and its counterpart beam in group 2. The maximum crack width for the group 1
beams were not acquired due to damaged speckle pattern. Nonetheless, it is apparent
from these figures that the crack widths reduced as the amount of longitudinal
reinforcement increased. Beams under-reinforced in flexure (group 1 beams) had wider
cracks extending nearly to the extreme compression fibre (see Figure 4.31 (a) to Figure
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4.33(a)) compared to beams heavily reinforced in flexure (group 2 beams) which had
finer cracks extending only up to the top mortar joint (see Figure 4.31 (b) to Figure
4.33(b)). The reduction of crack width and crack length of group 2 beams is reflective to
the enhanced ability of the tension steel in controlling the flexural cracks, which was
provided by the increase in the amount of longitudinal reinforcement.
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Figure 4.31: Shear strain contour at 50 kN: (a) F-10M (b) S-10M
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Figure 4.32: Shear strain contour at 50 kN: (a) F-8S (b) S-8S
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Figure 4.33: Shear strain contour at 50 kN: (a) F-6W (b) S-6W
4.5.3.3 Sensitivity Analysis
Sensitivity analysis was carried out to further evaluate the effect of tension reinforcement
on shear capacity (P) of masonry beams. The geometrical properties, boundary condition,
and loading condition were the same for all beams. The amount of flexural reinforcement
in tension (At), amount of flexural reinforcement in compression (Ac), and amount of
shear reinforcement (As) were the parameters that were varied in this study. Hence, the
following relationship can be written in Equation 4.8, to examine the effect of the steel
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reinforcement (𝐴𝑡, 𝐴𝑠, 𝐴𝑐) on shear load (P). Table 4.8 shows the ultimate shear load (P)
applied to the beams and the amount of reinforcement that were varied in this study.

𝑃 = 𝑓(𝐴𝑡, 𝐴𝑠, 𝐴𝑐)

4.8

Table 4.8: Parameters of the sensitivity analysis
Specimen

Shear load
(P)
(kN)

Area of tension
reinforcement
(At) (mm2)

Area of shear
reinforcement
(As) (mm2)

200

Area of
compression
reinforcement
(Ac) (mm2)
0

Control
Beam
F-10M
F-8S
F-6W
S-10M
S-8S
S-6W

26.0
28.1
28.6
30.3
46.6
46.9
50.0

200
200
200
1000
1000
1000

100
100
100
100
100
100

100
50.3
43.7
100
50.3
43.7

0

Since there were only seven beams, simple algebraic expressions were used in deriving
this equation. This will also minimize the complexity of the equation. The R2 value was
found to be 0.99; therefore the accuracy in the prediction of shear load capacity is good.
𝑃 = 21.25 + 0.047𝐴t + 0.238𝐴u − 0.0267𝐴R

4.9

In the above relationship, P is the maximum shear load, which is the load at each support
(reaction point). The sensitivity weight presented in Table 4.9 shows the effect of amount
of compression reinforcement (Ac), amount of tension reinforcement (At), and amount of
shear reinforcement (As) on shear load carrying capacity. Test data shows that At had the
most influence on shear load capacity with a sensitivity weight of 0.844. The effect on
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shear capacity of At is about 4 times greater weight than Ac and approximately 7 times
larger than As. However, Ac has 1.76 times more influence than As on shear load
capacity.
Table 4.9: Sensitivity Analysis

Variable

Sensitivity

At

0.844

Ac

0.208

As

0.118

4.6 Summary
There were seven full-scale beams and ten four-course high prisms tested in this study.
Only one type of block, mortar mix, grout mix and loading condition was used thus the
test results are limited to the beams in this study. The test results of this chapter revealed
that the use of bed joint wire (6-gauge wire mesh) and 8 mm steel rod as shear stirrups
are viable alternative to the conventional steel rebar for 15 cm masonry beams. It is
shown that the beam with bed joint wire as shear reinforcement slightly performed better
than beams built with the conventional rebar and 8 mm steel rod. It was further found that
using bed joint wire as shear reinforcement was effective at reducing the average width of
horizontal cracks in similar manner as the conventional shear reinforcement. This is
because the bed joint wire was used as double-legged stirrup, which provided better
confinement of the grout compared to the single-legged shear reinforcement (8 mm steel
rod and conventional rebar).
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Both prism and beam test data were used to study the effect of directionally dependent,
strength reduction factor referred to as chi factor which is applied by the current
Canadian masonry design standard (CSA 2014a). Test results of showed that the
application of chi factor was overconservative.
It was found the amount of tension reinforcement had a significant effect on shear
capacity of masonry beam, though not every masonry design standard recognizes this
effect. It was shown that increasing the amount of tension reinforcement reduced the
width and length of the cracks. The increase in amount of tension reinforcement also
increased the shear capacity of the beam.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
The objectives of this study were to determine the: (i) effect of alternative shear
reinforcement (ii) effect of chi factor and (iii) effect of tension steel reinforcement on
shear capacity of 15 cm reinforced masonry beams. Full-scale tests of concrete masonry
prisms and beams were conducted to accomplish these objectives. All materials used in
this study such as the blocks, grout mortar and steel reinforcement were also tested to
determine their properties
5.1 Conclusions
The conclusions drawn from this study are based on only one type of block, mortar mix,
grout mix and loading condition. Therefore, these conclusions may be limited to the
beams in this study and not be valid to other load bearing masonry members.
1. The presence of shear reinforcement improved both flexural capacity and ductility
of masonry beams. Beams built with bed joint wire mesh as shear reinforcement
exhibited a slightly higher flexural capacity than the flexural capacities of the
beams built with conventional steel rebar and smooth steel rod as shear
reinforcement. This can be attributed to the better distribution (effectively closer
spacing) of the shear reinforcement and also a better confinement of the grout
core when bed joint wire reinforcement is used. Specimens F-10M (beam with
conventional steel rebar), F-8S (beam with smooth steel rod), and F-6W (beam
with bed joint wire) showed a much higher ductility (15.4% when displacement
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method is used and 57.3% when energy method is used) than the beam without
any shear reinforcement. Specimens F-8S and F-6W showed similar ductility as
specimen F-10M. Hence, the alternative shear reinforcement considered in this
study are found to be viable options for masonry concrete beams. This resolves
the construction issue of narrow masonry beams.
2. Bed joint wire reinforcement was as effective at reducing the average horizontal
crack width as conventional rebar. Use of smooth steel rod was less effective in
reducing crack width when compared to use of bed joint wire and conventional
rebar.
3. Test data of prisms made with unaltered masonry block (grout is fully interrupted)
showed that there was 11% strength reduction when loaded parallel to the bed
joint. However, CSA S304 reduces the strength of masonry by 50% when
compressive forces are acting parallel to the bed joint and grout is interrupted.
Thus, the chi (c) factor applied by CSA S304 was found to be overconservative.
Furthermore, analysis from beam test results showed that CSA S304 flexural
strength prediction of beams in group 1 (F-10M, F-8S and F-6W) is more accurate
when chi factor is not applied (c=1).
4. The shear capacity of masonry beams in this study increased as the amount of
tension reinforcement increased. The increase in reinforcement ratio was not
proportional to the increase in shear capacity. Specimen S-10M, S-8S and S-6W
had 443% more reinforcement ratio than F-10M. F-8S and F-6W. However, the
increase in shear capacity was approximately 65%.
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5. The cracking behavior of group 1 beams obtained from DIC of masonry beams
were compared to its group 2 beams counterpart at the same load level. DIC
results showed that increasing the amount of tension reinforcement reduced the
crack length and crack width of the beams. This indicated that increasing the
amount of tension reinforcement provided better crack control of the beams.
6. Sensitivity analysis showed that the amount of tension reinforcement (At) had a
significant influence on shear capacity of the beams in this study. At had 4 times
and 7 times more influence on shear capacity than amount of compression
reinforcement (Ac) and amount of shear reinforcement (As), respectively.
5.2 Recommendations
Test results in this study showed that the bed joint wire can be used as shear
reinforcement for the 15 cm masonry concrete beams. It is recommended to conduct fullscale test on 10 cm masonry concrete beam (smallest size block) to determine if bed joint
wire can be used as shear reinforcement.
The shear reinforcement of group 2 beams in this study did not achieve their yield
strength, though these beams experienced shear-controlled failure. This was because the
beams were overly reinforced and the surrounding masonry debonded from the shear
reinforcement before reaching its yield point. It recommended testing shear deficient
beams that are closer to the balanced condition. Another way is to change the shear span
to depth (a/d) ratio, which can possibly allow the shear reinforcement to achieve its yield
strength.
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APPENDIX
SAMPLE CALCULATION FOR CSA S304 PREDICTION
ϕm

χ

f'm

b

β1

ϕs

0.65 0.5 15.2 MPa 140 mm 0.8 0.85

fs (15M
rebar)

As (15M
rebar)

fs’(10M
rebar)

As’
(10M
rebar)

423.8MPa

200 mm2

481.4
MPa

100 mm2

𝑇 = 𝐶 + 𝑇D
∅𝑠 ∗ 𝐴𝑠 D ∗ 𝑓𝑠 = (∅𝑚 ∗ χ ∗ (0.85 ∗ 𝑓 D 𝑚) ∗ 𝑏 ∗ 𝛽X ∗ 𝑐) + ( ∅𝑠 ∗ 𝐴𝑠 D ∗ 𝑓𝑠 D )
Using the equation above, the depth of neutral axis was determined.

𝑐=

𝑐=

((∅𝑠 ∗ 𝐴𝑠 D ∗ 𝑓𝑠) − (∅𝑠 ∗ 𝐴𝑠 D ∗ 𝑓𝑠 D )
∅𝑚 ∗ χ ∗ (0.85 ∗ 𝑓 D 𝑚) ∗ 𝑏 ∗ 𝛽X

(0.85 ∗ 200 ∗ 423.8) − (0.85 ∗ 100 ∗ 481.4)
0.65 ∗ 0.5 ∗ (0.85 ∗ 15.2) ∗ 140 ∗ 0.8
𝑐 = 66.2 𝑚𝑚
𝑑 = 510 𝑚𝑚 𝑑D = 35 𝑚𝑚

𝛽X 𝑐
𝑀𝑟 = ∅𝑚 ∗ χ ∗ c0.85 ∗ 𝑓′ 𝑚e ∗ 𝑏 ∗ 𝛽1 ∗ 𝑐 ∗ f𝑑 − g ij + ∅𝑠 ∗ 𝐴𝑠′ ∗ 𝑓𝑠′(𝑑 − 𝑑 D )
2
0.8 ∗ 66.2
𝑀𝑟 = 0.65 ∗ 0.5 ∗ (0.85 ∗ 15.2) ∗ 140 ∗ 0.8 ∗ 66.3 ∗ (510 − g
i6 + 0.85
2
∗ 100 ∗ 481.4 ∗ (510 − 35)
𝑀𝑟 = 34, 512,725 𝑁 ∗ 𝑚𝑚 = 34.5 𝑘𝑁 ∗ 𝑚
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